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Preface -

In March 1982 a SMP Specialists’ Meeting on Advanced Castings took place at Brussels. After the very successful meeting
therc was a general feching in the SMP that the ectivities In thus speafic field should be continued

Progress in ad casting technology offers an inp 10 CUthng COosts nnlnaxy axrcraﬁ structures, But
from the designer’s point of view th J] some reser and lack of confidence for th f castngs.
‘This persists, in spite of the availabality of mech 1 data for ad mungsandﬁmdwgncxpenmatmsuuwm
components.

Uader these aspects the § and Materials Panel decided, in October 1983, to establish a follow-on actmty in the form
ofa working group to prepare the publication of a *Handbook on Advanced Casting™

Inthe wokag group, specialists from foundncs, mwh Iaboratones and aircraft companies held several moetings to collect

and review data of casting 1 tools for the design engineer.
‘The handbook compris hanical data of and informs about foundnes, quality control and testing methods, and
les of application in |} It should be of assistance to designers and possible users of advanced

casnngs 10 get detarled :nformation about the potenti” of the matenals existing today and the way to use them profitably 1n
aircraft design work.

G Grininger DMietrach
Chairman of the Working Group Coordnator of the Working Group

e —
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‘Al_)strqct'

Theneed toimp ft perf d, i 1y, hasledtoa ton of the use of casting

processes in aucraft manufzdurc. In ths volum the Stmcturcs ard Ma'enals Panel of AGARD has ‘provided practical
about design. values, app q

By providing the datan this formstishoped that the designer will b ged ot the many recent i 5

to optimum effect.

Abrégé

Lanécessité d les perf d fs eten meme temps d'en reduire kes couts nous a conduit a revor Femplos

de différents procédés de coulée dans Ia fabrication des aéronefs.

Le préseat ouvrage, éduté par le Panel des Ma(cnaux et Structures de FAGARD, donne des mdlcauons pratiques concernant
I'étude de Favion, Ies données ques, lesag 17 qualit€ et 1a tolé AP

Lestaesperer quela presentation de ces donnees sous forme de manuel incitera les concepteurs a explouter de fagon optimale
Tes progres déi réahisés ré dansled des techniques de coulée

L]
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1. INTRODUCTION

L1 .FOREWORD
The noed fo cut costs has in recent yests fed not only to the
dmlopmmx ot new matenals but dlsoto the further
of hike
~adhanced casting fechnology™ Ad\amca n casting
technology could fead to increased use of castings for the
manufacture of vital arcraft components, which in tum
Teads o reduced cost.
Caytis 1
the posxbahxy of combmmg into one Gating a v.hole
number of material-i ard sh
pasts which were previously joined by mveting at Iug,h cost
Moreover, the process affords the design engineer greater
freedom of design. It should be noted that the dessgn should
be made wiitable for casting, 1¢. the design enguneer and
foundry should get int touch as early as possible dunng
component development. Only thus will it be posaible to
make use of all the ad: of the process

Sofar, thefach of confidence of design and stress
incasting has stood in the way of a more widespread use of
c.asimgt for pnmary structures., Ho»\cver. today there are

Table. They
are collceted in this Hendbook on "Advanced Casting” to
aid engineers in the application of cost-saving castings.

foostand htand offer

12 PRINCIPLE OF CASTING PROCESSES

“The casting processes = sand casting (convenuonal and

premium) and mvestment usnng =~ are of sigificance for
ding on the

solid movld and shell xcsptfor the & of
h 1d, Both requi gatngtoarnunner
system,a 1d (esther sohd plaster block or shell),

removal of pattem with hm. pounng metal mto the cawnty
Ieft by cxpendable pattern, removal of ceramic matenal
from the cast cluster, and cutung of castings from the
assembly. The solid mould process is typrcally favoured for
small ultra complex castings having tiny features. The shell
process, however, accounts for the greatest magority of
investment castings produced, due to superior d mensionat
control, abihty to produce extremely Yarge parts, and
flebility of casting parameters allowing better control of
solicif:cation condutions.

"The process beginy with the produstion of & one-proce heat
disposable pattern This patternis usually made by myecting
wax or plastic into a metal die (Fig. L1y These dies may
range from fully automane multi-cavty toohing {for volume

d of umple to large complex dies
h:mng up to 600 separate blocks and wesghing as much as
2000 kg Figure 12 depicts dismanding of metal tooling
after injection, (0 yreld the wax paticro.,

A heat-disposable pattern is required for each casting
These disposable patterns have the exact geometry of the
required fiushed part, but they are made sllghlly farger. to
for vol hnnk (a) in the pattern

d(bd 3 g
®) '3 retalinthe

P

ceramicatioutd.
The pattem catnies one of more gates which are usually
locatod a: the heaviest casting section. Fhe gate has three

P P
technical ot i & for the individuat
components, cither one or the other process witl be more
advantageous.

Generaly, the trend iy nouceab}e of sand casting and

casting [ [ g one another
and of both processes drawing closer to one another, For
snstance, investment castings are bccommg ever bigger and

have higher strength values d Jescribedin
121, whereas sand castings can have thinner walls and
closer tol by applyng i casting

(e & ceramic moulds) and refining sand casting techniqy

® 1o atach patterns to the mser or runner, formung a
usterz

o toprovide 3 passage for draining out pattem matenal
asitmelts upon heaungs

*  togude molten metal entenng the meuld ¢avity in the
casung operation, and (o ensure 3 sound part by
feeding the casting during soldification,

Patterns are tastened by the gates to one or more runners
and further (ssembled to form a cluster Depending on

These trends will grow even stronger an future

L1 Investment Casting

The investment casting process, Figure 1, 1s a means of
creatng bughly complex metal steuctures offening the
engpneer almost unhmited design freedom.  Typical
production rates of karge complex components are in the
ordcr of 25—100 units per momh with smaller castings

ds per month, Th ¢

procw rakes it possible to produce thin walls typieally of
LS mm with close tolerances (2015 mm). At present,
componeats of approximately 500 mm X 800 mm ¢ 1200
mm can be manufactured; the size being limited not by the
process 1self, but rather by the existing manufactunng
facilities. Due to gencrally high mould femperatures

pattern config and casting method used, the cluster
will be comzosed of numerous runners, a central nser area,
pouring cup and down sprue (Fig 1.3).

The ceramic shell mould process involves dipping the entire
cluster into a ceramuc sturry, drainung away excess matenal,
then coating 1t with fine ceramic sand (Figs 1.4 and 15).
Alter the drymg,or cunng of the shell coat, thc procedureis
repeated gait using progressively coarser grades
of ceranue matenal, unul a self-supporting shell has been
formed (Fig1.6). Specalized industnial fobots are used
almost exclusively for the shell bulding task to facluate
cluster pattern 4 and
conwderably rcducc linear casting tolerance requirements

Thc coated cluster is lhcn p!aced in a high temperature

required by the process, sightly infenor h
matenal propettics may be expccted in com;nnson tosand
of

ewhere the patternnlts and runs
outthroughthe gates, runnersandpp ,cup!]hxs!mx-m

ceramic shell 1§ cavities of thy

and premum casting, Unf, ble cooling
the msungarc however enhanced by castingunder negative
pressure or in vacwum, placement of metalic chills in the
ceramic meuld, use of special purpose ceramic materials,
foreed ait convection over mould surface, ¢te.

The pnnaples of mvestment casting are sinilar for both

with passages leading tothem (g,

The ceramic shetl moutds must be fired 10 bum out the fast
traces of pattemn naterial and 1o pre-heat the mould in
preparation for casting (usually in the range 450=800C).
Because shell moukis have refatively thin walls, they can be




fired and ready to pour shortly after attaining temperature
(within 1%; hours) (Fig L§).
The hot moulds may be poured uuhzmg static pressure of
d»c iten metatheat,as d g, or with

i 1 force.

FY? -

f vacuum, p
This enables the investment casng foundry to rep

The required propertics of moulding sand are
dependent upon bander kype and amount, Because of
the length of ume required 1o construct 3 mou'ld for a
large alummxum czsxmg. a bmdcr that dxsp!a)s good

ﬂcxlblc \mrk and smp umes 15 reqmred 1h¢sc

the most intricate detarhs and extremely thin walk of an

d by an orl urethane binder

original wax or plastic pattern (Fig 1.9). by  Chull-Matenal
ot . toyod depends on thealloy Fornon- The function of chulls 1 a mould 15 to promoze
ferrous al'o;s. s fi red or electnc. cnucsble furmaces are with fine dend: ., AS) Theenfl ¢
usually used. fe chall ) - b
After the poured moulds have cooled, the ceramic mould capacty of the “chill material Fine DAS (good
matenal 15 removed from the casting cluster, by high 1s d dent upon rapid sohdifi of
pressure water jts, mechanical vibration and/for chemical the cast matenal and 1> typucally finest 1n the areas
cleamung (Fig 110). The casting(s) 1s then removed from the adgacent 10 the chull. Normally, chilt matenals are of
cluster by plasma torch or saw cutting. and ary remaining copper,ron, aluminium and graphite.
protrusions Jeft by gates are removed by grinding or 1 o] " "
machiring (FigL11). g that chulls
»s essential in casting aluminium parts requinng good
The casting 1| then ready for secondary operations. heat To obtain in a cast
treating, and whatever pan. arapid sohdification ratcas requued This 1s best
1s speafied. The finished casting mcmblcs thc cxpendab.e achieved withcopper chills because of the hugh thermal
pattern from which it was prodi for d of copper. However, the cost of copper
the calculated shnakage i pattern produmon and metal makes it cconomicallyimpractical tousest for allchulls
sohidification (Fig 1 lzy Hence, a combmation of copper cfulls 1n the heavy
(greater than 25 mm) sections and aluminuum chills i
122 Sand Cavuing thehighter sections (5 1025 mm) may be used toreduce
Sand casting is 2 good casting process fo;) manufaclungg COstS.
large complex components. High mechanical values can Both ¢
ypes of chills will promote directionat
xeafhed “1L}L‘§hxlhs°;pe?aﬂy pla(;ed ';‘ (}:; mould S‘mg solidification and enhance the mechamical propetties
C"‘:’ 3 can be divded in'o conventional and premiumm san of the casting. The configuration of the chulls will be
castng. dictated by the shape of the area to be dulled. Proper
" use and powtioning of chills in the mould will reduce
gf‘]i;lmxg::;m”c:g:”d;“’”@ h the possibility of casting defects such as shrinkage,
g, Figure 2.is the cheapest vasting misruns, and cold shuts
process. [t makes 1t possible to manufacture com, ponents of
5000 X 1500 X 1500 mm. The disaavantage is that, in <) Insulanion Material
companson to other casung methods, large tol of Inwlat atenals such as plaster, ceramic and
£0.5 1 thck fonly2 S mm fibrous matenal are used by the casting industry to
are posaible. Local machunung of selective chemncal milling provde improved fludity and/or decrease the
offer a remedy to this problem solidfication rate of molten alummom Fhese
In conventional sand casing moulds, cores and chulls ars matenals are commonly used to mulate fisers or thin
usuallyused. sections of al, anium sections, which a.e suceptible
tocold shats oz mistuns.
a) Mould
d 1 tol d) Ganng

sound casnngs, and good surface fi mshes. it

Ty to Use bonded
sand, In addition, close comrol o\er the design and
fzbrifanon of moulds for large castings 1§ essentialaf

A (s 3 th sand ) T !for
produemg farge aTummlum ca\lmg% shou‘d hA\v the
Elfowing specific

The gaung technque wsed to get metal ito the mould
cawity ss onc of the mostimportant contributors to the
production of sound casting Improper ganng practice
can result an a wide vanety of casung defects Right
gating techmques have to be used to ensure the
promotion of dectionat solidification, adequate
mould filing, proper mser feeding, 2nd Punimum
tutbulence, Gating parameters are gating rato, sprue

permeability, tenule strength, and comprmne
strength, high hot st rmgth low retained strength; and
tow fution. Good mould
and core sand should be s!rong ¢enough to withstand
handling and resist detenoration by the molten metal
at elevated temperatures, have good permeability to
allow the passage of gas, be flowable and display good
compacnon and surface fimsh charactenstics, hold
2t elevated temp and
provide eawe in shakcout after cooling to room
temperature,

herght and sh trannin, tsand nser size and
i T 23
ocation,

One of the first concerns 1n desigming a gating systemis
to determing if the part should be cast vertically or
honmma!ly Horizontal gating is the most commonly
wed because st generally i

to mould, has tess hydrostanc pressure, and produocs
tess metal tutbulence, However, Jarge, thin-wall
casungs are impractical tocastina honzomal position:
because of f and
the potential for mould sag.
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Fig2 Ponciple of conventional sand castng

When parts are castin the vertical position, directional
sohidification §s promoted because the metal is gated
into the casting oaly when and where metalis required.

lidification then can be ted by judicious
placement of chill, thus atlowing the metal to solidufy
towards each nserfingate combination The main
disadvantage of wttically-gating large, thin-wall
castings is a large sprue height that wall cause metal
turbulence i not properly designed.

12.2.2 Premium Sand Casting

Premium sand casting is more expensive than conventional
sand and investment ¢asting but makes it possible to
manufacture components 3600 X 2000 X 1900 mm at
minimum wall thicknesses of 1.6 mm and high tolerances
(404 mm ~ 02 mm). By selective. Jocal cooling, good
m«allurpc propemcs and thus high stzength values can be
achieved sinulsr to those achicved by conventional sand
casting.

A special type of premium sand casting s the Jowspressure
s.md mmg S:s.m Figure 3a. A fow pressure casung

* 3 ng.hz bolding furnace (a) with an innce overpressure
of about 0 210 1.5 barand a cructble filled withmolten
metal

*  filing device mmpnung ol‘ acast lron dip tubc (b)
and anfnjecti
translerred to themoutd

¢ astructure (d) holding the mould, with one or several
pour-holes

“The main casung stagcs are s follows, Figure 3b:

. 16 Iiveth 1
up thugh the tube

®  then,inthe component (from point A), withan upward
motion speed directly related to this pressunzation

. P isapplied nasth tdistilled up
(from point By

* this overpressure ¢ mantaned for a penod

ding at least to th

range (from pomx Ctopoint D)

e the release in the fumace pressure causes the non-

solidified metal to §o down back 1n the cruable
through the tube and the castung nozzle,

Great care should be takens

o foratrbulence-free fillig of the mould so that ouides
or blowholes are avoided

e sothat  mouldshould have all suitable venting ports
to get Ui, best filling, yet avording molten mesal eaks
when pressurization2pplies

*  so that solidification should occur first in the most
distant parts from lhc gaung system, lhen. graduaily in
i uu, lastat
the m;ecuon nozzles level which will be the seat of
sohdification shnnkage,

“Fhe improvements achueved by low-pressure sand casung
are

L Repuatability of casting conditions through:
¢ total control of casting temperatute (furnace

regulation)

¢ towd controd of filhng speed (gas admusion
control)

o totakcontrol of overpressureafter filling (through
same control system as above)

2. Controlof gradient temperature
The metal near casting gates sfor they act as feeder
heads) stays liquid longer inanr.ulating mould (sand
or ceramic) while the component solidification speed
canbe increased using metaltic denseners,

3 Highfecding overprossure
This overpressure i applied through the gating system
on the component molten metal ay soon as fithng has
ended and ranges from 300 to 500 mbar, which
corresponds toa feeder head heightof about 1610 2.5
m.

‘This high value fargely Increases the components
density. Aninvestment pre-coat applicd on the moulds
avoids molten metal penctratinginto the sandd,

1.2.3 ‘Titanium Casting

‘The casting of ntamum and its alloy presents a speaal
problem due to the high reactmty of the matenal in the
molten state. This requires special mclnng. mould-making
practices and equip topresentalioy M
the same tme, htanium castings present some advantages
when compared to castings of other metals.

B Y - S




Fig3a Prnciple of ow-pressure sand casting

1231 Inrroduction
“The following specsal techniques, Figure 4, arc used to ¢ast
ttanfums

*  Because it readily absorbs oxygen and nitrogen, it is
melted and poured ina vacuum,

¢ To ensure purity of the metal a consumable-electrode
skull process 1s used for mehting It is possible using
clectron beam melung,

¢ Because this melting process docs not provide
sigmificant supcrhcal. the titanium solidifies rapidly
after pouring, Therefore, n s necessary to fill xhc

1ds quickly, and

®  Because it veacts With normal mould matenals, new
materials had to be selected and developed for use.

The consumzb!c electrodes are madc !rom lnllcl, bulL
1idh (fot example, roll
!oundry revert (such as feeders and risers from prcv:ous
melts) and customer-supplied material,

For small castings, moulds are packed around the inside
peniphery of the cemtnfuge, while for large centre axis
castings, which may be upo 2.7 m diameter, the moulds are
stacked concentrically in the sentnfuge.

nc ccmp\cxe furnace is tvacu:ted thearcis uruck tomelt

gressively into the 4 copper
crucnbk. and with the cemnfugc spinmng the cruable s
tilted to pour the molten metal through the rotaung runner
systeminto the moukds,

1232 Casting Methods
There are tho major titamum casting methods: rammed
graphute and investment casting.

pp=H-o -9

o

Fig3b Low-pressure sand casting” pressure dagram

Fig4 Prnciple of ttanium caste)
To nlluume the typical stages mvolved in the Process of

m parts.
P §seq
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WAX PATTERN MANUFACTURE

1
CERAMIC SHELL MANUFACTURE

3
DEWAX AND MOLD INSPECTION

I
REMOVE MOLD AND CLEAN

]
CHEMICAL MiILL

i
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i

{
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I ]

{ YACUUM EAST
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[

L

INSPECTION

(e ]

' J

HEAT TREATMENT |
3

|

J

FINISH

DIMENSIONAL INSPECTION
]
NHDE INSPECTION

Fig 5 Process dragram of tlanium nvestment casting

the mvestment casting method 1s shown mn Figure § This
typical for prod: hlgh wtegnty

b)

)

and weld repaur sfnecessary) and sand blasted for good
surface appearance, Care 15 needed to prevent

Tl i

pickup gthe acid

Inlarge or complicated shape castings, the mould can
be assembled from as many as 30 segments In large
mould Sit1s dufficulty the
precise shape of the mould dunng the dryngand finng
stazes which lunuty the dimensional accuracy of the
final product. The dinension tolerances of large
components can be improved by using shell cores
which are hight, hard and accurate, or by using the
ceramic moulds

Ceramic Moulds

In this method ceranuc mould segments are produced
from wooden pattems 1n a propietary process which
maintains good mould accuracy and reproducibility.
“Thisis a higher cost method than the rammed graphite
technique and. 1n addiuon, the ceramc mould is more
dufficult to remove from the cast parts. This methods
most approp for large

accurate dimensions such as wates-jet pump im| pellers
for hydrofoil boats.

Imestment Casting

In this method, a3 wax  pattern 15 produced by an
mjecnon 1di d wax
injectron tooling cavity is produccd wnh consideration
of wax, ceramue shell, and titamum alloy shnnkages.
The gating system pattern 1s added to the product wax
pattern.

‘The pattern assembly s then dipped 1n ceranuc
slummes, stuccoed and dried, Thus 1 repeated several
times to build a ceramic shell with enough strength to
sustain the mol I pressure after being hardk

by firing, The wax pattern 1s then removed an a steam

for gas tutbine engmes and ai For Téss & ding
applications, some seps, such as hot isostauc prcsung
(HIPng), weld repair, or heat treatment, can be ehminated,

Q) Rammed Graphue Meuld
Rammed graphite was the carhiest commereial moutd-
making techaique for castng ttaniem, Traditionally, a
muture of properly uzc-fracuoncd graphne pm\dcr.

fave, which leaves the mould ¢awty ready for
casting after finng. The munimum practical wall
xthnmnlem

To improre prod: Y, many
canbe cast in a cluster pattern. The m;«uon mould
Wax paucm production, the sturry dxppmg process.,
and th hi

‘( pattern 3k 10

pich, dwateris

wooden or ﬁer,hss pattern to {orm amould section
The com syrup and the starch give the mould some
green strengthafter the rammed movld has been dned
wn air for 23 b or for shorter pediods at 200°C ina
drying furnace. The mould segments are then fired
under a suitable shield for 23 hat 1025°C causing all
the comstituents o catburize and harden, In some
cases, watersoluble binders are wsed in the mixture,
which then docs not require the high firing
temperature,

‘The minimum practical wall thickness is § mm. The
mould ramming is 3 Jabour-intensive process which
cannot be eanly mechanized and automated using the
traditional binder/aggregate misture, A system of
gates and sisers assures proper molten metal flow
during the casting process, and causes most of the
shrinkage porosity to.occur in the risers and the gates,
which are not part of the finished product.

The graphite mould is 50 hard that st must be chuselted
off the cast parts. The castings are then generally
cleaned in an acid bath (followed by chemical-milling

and d of large-quantity tuns

The ceramic shells are placed nnde the mould
chamberof the fumnace. The

done on a centrifugal table fo assist the metal flow of,
more sumply, by gravity pouring which requires higher
temperature preheat of the shells to increase the
molten metal flow,

The ccramuc shelt is removed after casting. as well an
the gating system. Investment casting provides very
good dimensional control and i suitable lor
production of high-quality acrospace  engine
componsnts,

1.2.33  Supplementary Operations ard Processes

2

Chemical Etching

Although mould materials are chosen for minimal
reactivty with molten titanum, there 1s always some
reacton leaving a superficisl layer of surface
contamination, This is removed by chemically etehing
away a hyer, usually 0,13 to 0.38 mm deep. The dies
and patterns are made oversize so that the etched
casturgs meet drawing dimensions. This chemical




etching method may, under some i

7

be
extended to provide somewhat thinner wall sections
than can be cast

b)  Hot Lsostatic Pressing (HIP)
A heated argon-filled pressure vessel (autoclave) 1
used to HIP densify titanium alloy castings. If the
HIPing is done properly, no residual voids wll remain
1 the material (dxffus on bonding) except for surface
connected porasity, This type of porosity cannox be
healed by HIPing, unless spectal p are

than the stress rehieving treatment,
lypncally close to or above the beta transus
temperature.

Since utanium castings are slow-cooled 1n insulating
moulds in a vacuum, subsequent thermal treatment ts
normally unnecessary since the castings are virtually

tod'whil h 13 snduced by

welding can be rehieved by a simple stress relief cycle at
650°C,

Stratoh f

followed, and must be weld repasred

The HIPing of Ti-6AL-4V is typically done 1n the
temperature range 890-955°C at pressures of 700~
1000 bar for 2—4 b,

In the case of titanium castings, a can of a mould 18

Y to obtain densifi which makes it 2
Jess expensive operation than HIPing of powders.
HIPing can enhance critical mechamcal propestics
such as fangue resistance, while causing no serious
degradation in properties bke fracture toughness.
faugue crack growth rate, and tensile strength.
Therefore, cast parts which are fatigue-cntical are

or suzing may be
accomphshed at the nopmal stress relief/anneal
by use of approp fixtures Alpha
alloys are not heat lreatablc, but a wide range of
canbe d1n Alpha-B Betaalloys

lhrough solution treaing and ageing.

1.3. CANDIDATE MATERIALS

Preference s given to the casting alloys A357, A201 and
TiAI6V4 (Table 1), for structures in aircraf, on account of
the hugh strength values of these alloys.

The sihiceous standard casting alloy A357 a further
development of A356, has particularly good casting

HiPed, whether these be for arframe comp or
engine parts.
¢) Weld Repa
’mamum is {ully weldable allowing r:pmr of salvage
necessary have
excellent tensile and fatigue propertics someumes
exceeding those of the base metal.

Therefore, weld repair is 2 common practice for filling

gas porosity shnnkage pores exposed by chemical

rmllmg. post-HIP surface depresstons, of cold shuts,
defect-free p

lncn sas tungstenare wcldmg is typically used.

d)  Heat Treatment
Two  1ypes of heat treatment are genemly used with
nitanium alloy castings, The first is 2 post-casting heat
treatment which is primanly intended to reheve the
residual stresses whuch result from cocling from the
molten state, and the second is designed to ¢change the
cast  mirostructure  for  mechamcal  property
improvement, Thus latter type is carned out at higher

g strength values between R, = 310
N/mm? (avestment casting) and R, = 340 N/mm?
(premium casting) depending on the casting process and
component geometry
The silver-atioyed and highly cupnferous matenal A201 1s
well suited when high demands are made on strength values
of approx. R, = 420 N/mm? butissensitive toheat-cracking
dunng casting.
High purity versions of A357 and A201 are now under
development in an attempt to control better uniformty and
ducibility of their prop These alloys will be
known as B357 and B201,

‘Titanium castings are produced predomnantly from the
TIAI6V4 alloy and vanous commercially-pure titamum
grades. However, a number of the other alloys have recently
been cast. In almost all cases, these are simply cast versions
of conventional IM alloys. For TiAI6V4 the guaranteed
propesties are approx. R, » 1000 N/mm?,

1.4 APPLICATION OF THE HANDBOOK
The Handbook should provide the user with practical
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ie. design data

1 values and quality

assurance methods, but not with manufactunng data
because they are the “hnow-how” of the foundry, This
Handbook was created to hilp the user wath basic

for properly d

a casting It

provides

speaific information on design data and includes practical
tps onhow to preparea drawing for a casung.

‘The Handbook was also designed to help the user to
understand how castings can be used as relrable and cost-
saving components in their products

alloys.

In the rough design stage the geometncal design data and
casting techniques should be taken 1nto account, according
to the chosen casting method (nvestment, Premuum, Sand
or Comventional Sand Casting) This s the reason why the
castng method has to be determuned very early on by the
ancraft designer. Each system has its own advantages, which
will help to optimize the part with regard to stress, weight
and cost,

There are some features, that can be used as a first design
step to check whether a casting solutions apphicable or not

N Outer contour and geometry
At the present ime the Handbook will cover only aircraft 3
structural applications 2nd the A357, A20f and TRAIEVS :};ﬂ'{’:g’: ffpgzuxz Shipes the greatis dm:g
penditure s very hugh for sph
In the next step the Handbook can mdlude also turbine-
appheation and other casting-alloys. b) %;’:i‘:‘a’l’l","""’“ of the e
. have to be checked with regard t feasibity by the
2 CASTING DESIGN foundrics, because for each casting method there 1s
2.0 FLOW DIAGRAM *DESIGNERS GUIDELINES™ It to production possibiity
¢)  Wallthickness
l PREDESIGN I Ingeneral dwithth
wall thickness of 1.5 to 1.8 mu, However, desgns with
Teiimte s o cusions | 2 thinner walls are possible.
[nit costing nevied v Joars | d)  Tolerances
12.12 ) It is wndisputable that the tolerances obtaned by
Covogeranion of “desigrarc| fara casting are somewhat hugher than those produced by
I — machuning, Thus 1t ks very important to know whether
Tavoler Sumary K these tolerances are acceptable with regard to the
assembly or to the outer acrodynanucs surface
sEsten requirements, In many cases these casting tolerances
- may be suitable for the desgn without large
e T LA expenditure by shimming
i Tolerances ;l;' o) Loads
ooty In carly design, a rough caleutation has to be made for
the sefection of the right casting matenal. [f the normal
23ve Setats Al all.)ys (A356, A35T)willnot fit with the load Tevel,
ion of 2 Ti-alloy may be conadered,
Velded Jolats b
. 2.2 Selection of Casting Method
Gentes) nitttes e The above mentioned features have to be used for the

EV
vors $wop uum.

sclection of the casting method.
The following check list should help the dessgner to find the

Oesigrates/noesipnited
arest

A 4

l FOST DLSIER WORK '

$oolleg pitats

D42 on the work $MD
Srewing

PP

P ing method fot us design

Quter Dimensions
Each casting method is determined by the manmum
overall dimensions, Thus depends onthe equpment o!

the o ] ieth

enaf2; By e Fowndey

nry
131

kepitel Dnservice

A

2.1 GENERAL
2.1 lnxrodunlon
This

hith

|

1 aspects of th

methods and should help to optimize c:mmg created by the
arcraft designer as well as by the casting specialist, As afirst
be designed wath regard to the
requirements of its application.

step a casung should be

Casung) or the heat lrea!menl fumace (Premlum-
Conventional Sand Casting), for example.

in in 3 tn

2.

Tnve * .
SIS T preniun.tand

UM gonven. oSandsLasting

JI,.
!

Tolcrandes

Castings are typical integral parts and therefore the
size of the tolerances depends on the size of the
dimensions to & hugher degrec than, for example, in

* The overall duncnsions in thus sange have to be agreed by
the foundrivs.




machined parts. And they also differ according to the
verious casting methods, So the designer has to check
whether the casting allowances are suitable for the

. 4 £,

2.1.3 Design to Cost

2,131 Inrroduction
A pnmary dnving factor in the utihzation of castings 1s cost
& M dics h

overalt Fot ra.
23, seepa that castings canbe
t ly cost "" for particulat app} The two
3. Shape primary application areas are

All shapes of aircraft parts can be divided into three 1, Repl: of comp whichanvol y

main categones: of numerous details and
Categorie 1T Tategorie i, Cateporie il
Malo planes 14t (outer contour $Single or double curved Boxform (Walls f1at or curved)
curved only)

ConventionaleSand-Casty

Exéepiions . ),

Exceptions SreajymeSand.Casting p.|
Ko LT — Iovestmentotasting

4 Walt Thickness
Nearly the same minmum wall thickness can be
produced with the casting methods:

Investment Casting: 15::0.15mm
PremuumSand Casng: 1.8 fg; mm
Conventional Sand Castings 2.5 £ 0.5 mm

S, Mechanical Properties
Afurthet sefection featureis the mechanical
propertics. Considering the same casting alloy for the
three casung methods, different values are achievable
(sec Chapter 3).

6. Surface Roughness
This pointis only of concera for castings located at
the outer contour of the aircraft structure or for
mating surfaces which may or may not require
;:z“wm machining. Typical surface roughness is as
shown:

= Investmert Czsung
= 1632 umn = 65=125 RMS
= Premium Sand Casting
3264 pm e [25=250 RMS
= Conventional Sand Casting
v 64128 pm = 250300 RMS

After going over this chochlist, the suitable casting method
should be clear and the discussion with the foundry may
star,

2. Replacement of comp quinng
machining

However, there is no firm fixed rule on when or where a
casting should beused. The economics will beaffected by
the casting process selected, production volume, matenal

dquality requi Butmostimp ty the
cconomics are affected by how good a job the dessgner
docs indesigning the component to be cat, The cost of a
casting can casily be doubled by factors controlied by the
designer Jtis highly recommended that the designer works
with one or mare foundries in developing ks design

The foundry should make suggestions during the
conceptual design and again during detail design stages
(not after the design is complere), The importance of this to
getcost effective high quality castings can not b over
emphasized.

2,132 Economical Casting Unhzation
Castings are nota panacea for all aircraft components,
They should be used where it makes sense touse them,

The following three figures show three different aurcraft
applicationss
Simple config (2.1.3 22), semi-compl
configuration (2 1.3.2b). and complex configuration
(21324

Assuming typrcal aireraft production quannties, refative

and i costs were developed for the
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SIMPLE CONFIGURATION
MANUFACTURING COST COMPARISON
LEADING EDGE EXTENSION

— = ="

HOGOUT DESIGN CASTING DESIGN — ALT A
WITH ASSEMBLED DETAILS FRAMEWORK ONLY -
A357-T6 ALUM ALLOY

SEPARATE UPPER & LOWER

ATTACHED SKINS
NOX-RECURRING RECURRING NON-RECURRING RECURRING
1% 100 182 109
Fg2132a

SEMI-COMPLEX CONFIGURATION
MANUFACTURING COST COMPARISON
SUPPORT CANOPY MECHANISM

EXPLODED VIEW — A357-T8 CASTIN
DETAIL BUILDUP DESIGN @ DEsla
NON-RECURRING  RECURRING NON-HECURRING  RECURRING
100 100 st 85
Fg2132b
. .




BUILDUP DESIGN
AND ATTACHING STRUCTURES

NOH-RECURRING RECURRING
100 100

COMPLEX CONFIGURATION
MANUFACTURING COST COMPARISON
F-20 VERTICAL STABILIZER

CASTING DESIGN

A352.T8 ALUM ALLOY
NON-RECURRING RECURRING
2 28

Fig2132¢

baseline design and for a cast replacement d éign

As canbe seen, in the simple configuration the non«
recurnng costs were very hugh for the casting compared to
the machined design Inaddition, the 1§ CO8ts were
abw higher, since the machining required on the machired
design was faurly simple, In summary, this would be a poor
application for castings.

The semi-complex configuration, however,is a different
story It involves complex machining of detals and
assembly of these details. As can be seen, the casting
alternate design shows 15--20% cost savings, Where
cas(.inp arc really advaatageous, however, isin the

The vanous cost parameters differ from casting method to
casting method and from foundry to foundry Therefore all
potential foundnes have to be asked for an offer for every
part,because 1tas not easy to transfer the cost from one part
toanother part,

2.2 DESIGNDETAILS

This section deals with the geometneal rules applicable on
the mentioned casting method Some of them differ from
method to method but they are mostly equal for all castings

The followming features should be considered for an
J casting:

P { complex config: This p

%}

pp 1nvolves hining and th

of alarge number of detnls. The castng alternate design
shows a very high cost savings potentia) — well over $0%.
Inthe abore cases, production quantity made no
difference. Inmany instances, though, the non-recurnng
costs may be very hugh, but the recutring costs very low, In
thase the prod quantity becomes the
determining factor i whether a castings sclected or ot
Fora design comparison the following cost p
have to be considered,
Non Recurring Costs (NRCy — Casting tooling

~ [nspection jrgs.

= Tootng for machining

~Transport boxes

= Prototypes
Recurring Costs (RCx: = Casting price

«= Inypection work

= Transpost

P

221 Overallimensiony

222 Muumum watl thickness

223 Radi

224 Ribsandwebs

225 Matenalaccumulations

226 Holeslocated in nbs and webs
227 Cross section teansittons

228 Lofthnes

229 Cawties

220 Channelsand holesascast
2211 Added material for machined areas
22,12 Draftangles

2213 Failsafe design examples
2214 Rivetjonts

2215 Welded joints

22.16 Chemical milling

2217 Designated/undesignated arcas
2248 Mar.ing

22,19 Tooling posnts

v
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0 Casting features
o Selection of casting method i3] Peedesign
5 f 34loy /

¢ o
0 Weight situstion
Discussion with
the foundry

°

0 Mechanical properties
0 Mall thickness
0 Tolersnces

0 Qverald dimersions

o Losts

o Consfoeration of additionsl

casting aspects
0 Cost consideration
0 Afreraft produstion aspects

o Desigr aspects
o Casting dspects
© Standardisstion sspects
© Static dspects

Work $hop drawg,
and test orogram

o Pur¢hasing aspects
o Afreraft production 35pinis
o Quelity assurance points

H Order for the
choosen foundr

Production of
casting tooling

¢ Development
e T00}i0G

0 Jesting
o Straightening 3ig

¢ Dimensions
3 Metadlurgicsd
© Mechanical properties

¢ Sasting mould
¢ Gate system

Optinizing of
the teoling

o Crating
o Inspection

© Release of proawctioa run
o Quality sssurame

% DatCh of

fars
production run

o Diresasions
o Oineasfons o Metallvegicsl
6 Quality sssurake ray

o Crack detection
o Mechanica) properties

Fig 2.1.4 Flow diagram: co-operaton between designer and founder
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Table 215
Tabular Summary (Al-castings, only)}

0 SM1L toterances

for 3l wall thickness

o Migh mechanical properties

© Rarge dinensions
© Low costs

fart $ize
(Mximm overall disensions}

Mvantages o Srall vt} thickness o Snall wallt thichoess o Loal Bigh nectalcal pros
o Smatf tolerances perties by local cooltey
0 Larger tolerances
& Lover mechpaical © Kigher costs for castings
Olsadvantages properties and Woling © Lirger wall thickeess
1000 1 800 x 500 m 3500 x 2000 x 3900 4000 % 1500 x 3500 am

all thickness, depends ol
o outer dtmensions

© part geametry
o oy

Toin 2 1,8 50,18

Tea g M g': o

(ecal, 5,8 £ 0.2 )

Ta e 2,520,5 m
{Local, 2 20,8 e)

Yolerances

Aeording 1o cowntries
standard,

According 1o countries
stndard,

For cvmele: Tote # ¢ 10,4 ¢ LE2) .
0 ottt dmnston | EHSTRS comry R T £ .
Surfate Foughness k32 t: 32=-4410 CEEERIE]
2.2.1 Overall Dimensions
In general, maximum dimensions feasible by the foundries
archisted belows
i, L W H
(rm) | (o) | (em)
Investnent-Casting 1000 g0 | 500
=| Premlua-Sand-Casting | 3600 | 2000 1900
Convertfonat-Snd-Casting | 5000 1500 | 1500
Investzent-Casting 800 6601 400
-
Rrred-Grephite-Casting 2100 | 1100 | 1100
2.2.2 Minimum Wall Thickness
1 (m) T (=)
-Noresal« | ~Special
Ivestwent. beL L2 130] 0.8 0.6
bef L = 600 1,6 1,4
2| Cstim TR 3.0 .9
Preajune<Sand-Casting 1,8 1,6
Comentfondl-Snd-Castng 3,0 2,5
Investaent<Casting 1.8 1,3
| rrred-tranite-tasting 3,0 3.0
. “

e e\ - a———— —




Wall Thickness (lnvcs!mem Casting)

One of th ges of the casting
process is the ability to produce very thu wall thicknesses,
compared to any other casting method

The nfinite rumber of casung configurations and sizes
makes it difficult to recommend general wall thicknesses
The graphie illustration, Fig2 2.2 2 is an attempt to relate
‘wall thickness to wall arca,

“The 1ncorporation of nbs enables the foundry to produce
thinner walls as represented n Fig 2 2.21 by curve 2, ay
compared to curve 1 which represents the thickness
fTimtation of walls without nbs. The nibs wll improve metal
feeding and enhance stiffness, and nb intersections may be
used s feeding points.

g on design
many dxffercm

nbs may be cast in

/

y o e

H

i
W/ﬁwﬁ//‘//” y ’/’}j\

Fg2221

3,0
NRUTDITINRNNINNR Y
deul with-out nb °
2'5 \\\\\\\\\\ Z
=
E w
£ 20 L with rib o
5’ \ l IdeuI with ribs / v
@ N V =]
£ 15 \ted ©
5 onsy
£ \ T ndry 10 08 5 %
s 10
=
05;\‘ 2 ‘ Hot recommended
1
! 1 [
0 S0100 200 2300 400 SO0 60G 700 800 800
Applicable wall dimension

Fp2222
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223 Radi

On pnciple, all fitung comers should have a radws. The
reasons are to improve the matenal flow and to avord crack
propagation during casung and use

To be avoided:

L £ &

£20,5T

Design of pocket comer radif:

L~

5

All sharp comners should be avorded, 3 e, they should be
radwsed (see detat J). This will help to obtan a better
surface protection by improving adhesion of the paint

L.
3 27 pe
g

O=Rivet head diz
d=FRivet diz

I

Minjoun R23{R may Se. 0.8 mm 1nside
0,8 m outsice

DETAIL T

2.2.4 Ribsand Webs

The ad of lugher mechanscal propertics for plate

matenal (7075 for example) has to be compensated for

when a casting is considered. The only way is to take full
& f th d f nbs and webs possible by the

2 P
casung method,

“The possibility of this compensation depends in part on
function and partly on collective foad

From the following example it can be seen that for a
statically loaded part the disadvantage of the lower

hanical properties can be climinated, and even for a
dynamucally loaded part a wesght advantage is posuible,

L Example (Staticaily loaded)

Machined Part Iavestreat Casting
RITYTn T T
. L X = I
Further informanion about fillet radii is given in the diagy mﬂﬂ oA
below, showingthe radiiindepend the walithichness e — it
forjnvestment castings.

Other features may be cast sharp, such as O-ring grooves,
<card guides, counter bores, waveguide passages = or when

Fitet redms man

T 1

L A4
02 30 ¢ & W N
Feoture thcisennme

Radilat Flanges

Inmany cases the flange of a web has to casry mainly shear
loads, and only this determines the cross section, Then the
widthof the flange can be made smatler ina castingthanina
machined part because of the smallkr radws *r%, which
means less weight,

=Machneds
=igsmm

f {

.f‘\ ot PARY \I ’;\ I

€ apte  Foo Prontume, SandCasting are Migher mechantisl propertied

.-
-




%

provide some holes 1n a web within a large area. This 1s to
support the ceramuc mould,

EXAWPLE- o
Tr

2. Example (Dynamically Joaded)
Machiaed Part Tavestment Castreg
dendrey Moment, X 259 106 Knm 279 $18 N
T T o
Materiad 2075 (Mlate) A3 9%
3 (allowadle) ¥/t 200 149

-
H
=Mathined= =Cast e
o322 me? Bzzomn}? ~30%

"! I/nn ~I ’:E\ T
* Note  For fremfunn, Sand-Casting are Bigher mechintcal properties
22,5 Material Accumulation
To avoid shrinking, the matenal thickness should be

approxmately equal. This measure helps to improve the
weight situation, too,

Yafpvourayte Favovradle Remarks

T 3
: m
ts contow 13 nory

= Favouradle Tt stidh
€ATALTE Nigh tooling
Tture

P

175,

D i

b3 e b Material steabye
4

1
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2.2.6 Holes Located in Ribs and Webs
. rPieie

e thp
Forthe

8 i

E2EIE]

support of the
ceramic mould,

2.2.7 Cross-Sectional Transitions

1£ step has to be destgned (1n the thickness), the transition
should be carefully considered The founder (with regard to
the matenat flow) and the stress man (with regard to the
dynamic loads) do not favour a short tranation (see
following example).

Examples for all casung methods
AT
- "m%}

Rama= 3T

XY,

But of for any reason a karge step 1 desired, the premium
process can provide that (se¢ example below)

Example for premium process

2.28 LoftLines

‘The majonty of solid parts of an aircraft are 1n some way
related to the theorettcal outer contour, the Joft bine. Thus
means the production of single ot double curved surfaces on
flanges and chord sections,

Here a casting has an advantage becanse sphetical surfaces
on the die for the mould need only to be machined once.
The inner surface of a flange should be parallel to the loft,
This makes it casier to define all connection parts and in
addition results in a weight reduction (see example).
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Almost any s1z¢ of through hole can be cast, provided shat

EE=3. This symbol should not b dforthedefintionof  Through Holes
the lofrand shows the allowable tolerance.,
These resulting deviations have to b ideredasan  certain cond aremet,

important cntenon, if foft lines are produced on a
casting The importance of position and waviness

k and in particular their defi should be
very cleattothe design ik [ dwith
the foundry Ttis indipensable that both designer and
founder use the same terms (for more information se¢
chapter 23).

The foundry has to be provided by the designer with the
e, q. ha fi CINN) 1| i xapes

229 Caities

A further advantage of casung design fs the possibility of
providing cavities. This will increase the degree of
ttegration, ¢, reduce the number of parts

Tt should be borne 1n mind that the core needed must be
sufficiendy supported by several bolts

The mummum diameter of the required holes should be
Py 1y 18 mm, but the, and spacing of these holes
the core support has 1o be discussed with the founder and
agreed by hum, because focatron and number of bolts
depend on the goometry of the parts and have a great
influence on the tolerances

A second purpose of these holes 15 to allow the removal of
the fost cores from the easting.

Later, in setvice, they can be used as fnspection holes by the
aithnes, I theyarcin th contourand be closed.
this can be done by riveting or welding.

Below are shown sorc examples of cawtics on casungs.

a) Lipofthe "Forward Inlet* casting

b)  Holes for cote support on a box-shaped casting, Size
and seometry of the openings should be defined and

agreed in coog with the stress dey and
the foundry,
QJojQ

ni010i0

‘The figure below gives a graphical desenption of the
recommended diameter tolength ratio

~lengthratic

tengthinmm
=

.

.

0 2¢6 30012 % 16182022 2t 26
Diometer inmm

€)  Aproposed casting of a vane:

HOLES FOR CORE SUPPORT
AND REMOVAL

2240 Channels and Holes as Cast

In the special case of a bearing that requires lubrication it as
posnble to place the grease nipple ina practical location. A
chanrel for the grease con be provided by the founder,
without complex dnlling in the machine shop (see sketch
below).

e« s+ e

CHANNEL AS CAST
AR
(| i
At X - HALE,
pnm HOLE AS CAST
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Where farge holes are needed, for example for a bearing, a
large poruon of the hole can be cast and dniled later for
exact bearing posiion and for the correct diameter for bush
invtallation,

2.2.“ Added Material for Machmcd Areas

! ! wh:xe\ery reqmredand not
posslb!e by casting, sufficient tmatetial musx be provided for
subsequent machining to fake into account all deviations
that may appear on wall thicknesses and wall positions (see
shetchbelow).

A8 €Ay

1
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Y
riet T2

2242 Draft Angles

Normally there is no need for draft angles. For castng
processes using sand as the moulding material, a draftangle
1 necded on certain flanges, It should be takeninto account
that the draft anglc means more weight and jt is therefore
nmsaryxommmuzelstc.

ENONNNNNNNNN
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2 213 le Safe Design Examples

thereivancedfora

primaty structuzes.

7

0,5

;f

I pathin

‘The normal dessgn method solves this problem by providing
asecond machuned part siveted to the other. So3f one part
fails the load is carned by the other one.

“This prnaiple can aho be used for a casting. Below are
shownt ples of afal-safe

Coaventiona] solution , Two machine pirts, riveted together,

Section of a vane*

TWy SPARS AT EVERY STATION

2.2.14 RuetJoints

Gcncrally \hn topi¢ emhracc\ alarge range, and there iv a
g metallie structures by
nmmg. Whal do these values look like for cast materials
(AVT)?

Questions which will concern the demgner on detal devign
pointsinctude:

== Kind of rivet

=~ Rivet diameter

- Spacing

~ Edge distance

= Hotefit

= Thickness of the jount member
= Rivet fracture vatucs

= Rivet fatiguc value

With regard to above mentioned questions, several tests
were performed  under the  “Econonue  Structures
Technology-Metals™ program founded by the Federal
Mimutry of Defence of Germany

The conclusions of these tests are as follows:

o [tn possibletojoin Alcast-alioy A3S7 withoutspeaaal
production expenditure,

o The statee stress behaviour of the nveted test speaumen
wan the same when solid Al-nivets were used. But when
blind ot close tolerance mvets are installed the cast
matens! has a shight disadvantage (e Fig2 2.84.0).

*  For fatiguc Joading the alloy A3$7 showed a slight
advantage i smaller deerease of faugue bfe (e
Fig22.142).
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Several hinds of nvets (sohid-Al-Monel-Ti., blind and close
tolerance nvets from steeland Ti) have been considered. No
£ 3 < ha: ¥ 2t tha inint 1

(Notethemerease of the body for solid rivets).

A further point1s matrg of material. In future, there wiltbe
more and more Al-alloy =~ Carbon Fibre Reinforced Plastic
and Al-alloy -~ Ti-alloy combifations, Also no speaial

requirements have been found for A357-matenal versus
wrought alloys in these combinations.

For all these aspects, the designer does not have to consider
special pointsand. 1 Of his known rules with regard

the integration of castings.

For all statc and dynamuc stress values see Chapter 3

Explanation
40.000 13
Cast Materral
35.000
30.000
25.000
20,000 1
15,000
10.000
5.000 4
o
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0 Materjal of specimen: A357.16
0 Test specimen ace. to MIL-SID,-1312
o Calculation value = Ultimate velue or 1.5 x

Deformation valve

- Scource: .'!oumgl “Alusinfun™ (Ger) 58. Edition,

982
Huthor: K. Hoffer, Bremen

Fig 22141 Resutts of statc tests




Stress amplitude
3a,Gross in Nfmm?

Picture b

Picture a

- Rivet di1a = 6,4 mm

Stress Ratio:
- Prcture a:
o

~ Picture bt

[

= Scource: Jounal

Author:

- single load at specimen with low load transfer

- 0 Al-Altoy A357-T6
® Al-Alloy 3.4364

.GQ.. +0, (Hi-Lok)
S%u 01 (Helok)

- Picture ¢: gl‘—- + 0,1 (Taper-Lok)
L4

58. Edition, 1982-3

(casting)
(wrought)

“Aluminium® (Ger) <
K. Hoffer, Bremen

Fg22142 Fatguelife

2218 Welded Joints

Special applications are conceivable where several castings
arejoned by welding Inthus case, the designer has to define
the welding jofnt according to the chosen welding process.

Some features have 10 be considered;
Alloy =~ A357,¢ Use base metal as filler metal,
* Notice the decrease of mechamcal values

inthe welding zones
Residual properties
of the base metal A3S7
Welding
Process Rp02/Rm AS
EB 95% %
G 55% 60%

o Nodecrease of mechanical prop fak
(16) is performed after welding,
®  Nohigher susceptibality to corvosion

s Nodisadvantage for cychicloads,

ot rivet connectons
isce same features mentioned for alloy A3S7,
butnote some differences:
 Ashitile heat penctration as possible
» Decrease of mechanical propertics inthe

welding zone
Residual properties
of the base meta) (Avior Ay

Welding
Proceer Rp02/Rm AS

EB 15%

TG 0%

s Surfscep bsolutely necessary, by fthe

high susceptibility to corrosion.
Because of the stress corrosion, a heat treatment T7y
necessary

2.2.16 Chemical Milling
Chemical mulling is 3 normal process for sheetand plate. It

et s N o e




manly used on skins in areas where different stress levels
allow vanous material thicknesses, which means saving of
weight.

In some cases, that ideais anteresting for castings, too We
know of Al-alloys, hike A201, that have high mechanical
properties, but low casxabxhly‘ for example, the minimum
wall thickness for A201 is about 3 mm (0 12").

“This 15 a great dxsadvamagc. because the normal structural
parts have a small area for introducing high loads butin the
larger h for sucha wall thick

In that case, if a focal reduction is requued the ~chemical
milling” process should be taken

2

22,18 Marking

The necessary marking of castngs has to be done by the
foundry Normally they will work the dentification maﬂ\
imo the mould so that the willbein raised f

casting. For smalt parts and where the tased letters wili not
fitthe assembly, a rubber stamp 1 possible,

“The identification mark should include:

~ pait_number (refenng to the aucraft drawng
numbering system)

= number of the material specification

~ nameof the foundry

In addution, it is possidle to use the cheaper sand casting
method and to reduce the higher wall thickness by chemical
mlkng,

For the design the same features as used for wrought products
can be transfered to castings!

2 2.17 Designated/Undesignated Areas
Ttxs gencrany 1mponam to divide a casting into designated

and This1s valid for wellas
mechanical and geometrical reasons.
Mechanical areast

Mont structural parts have areas where higher loads have to

be muoduced. These arcas must be marked on the drawmg
f-dotted ine, Here, the f

the higher mechanical and a better

gmdc of x-ray As they wll gxeally 1nflvence the cost, the

o~ fihel, dth
P

be defined on the drawing,

Further information has to be taken from the apphcable
aircraft standard.

fthe markinghaveto

2.2.19 Tooling Points

To ensure that di i of drawings is
throughout the industry, a standard procedure has been set
up to:dentify impostant powts and p'anes for all set-ups,in
the foundry, at the aircraft manufactory inspection and for
machining, The system of tooling potnts and datum planes
descnbed here will help in the preparation of drawings and
ensure the casting quality.

Cast surfxce irregularities may be present in any casting
process. While these irregulanties may be within casung
tolerances, unless they are taken mnto consideration dunng
setup (for both & P and h

designated areas should be keptas small as the destgner can
permit,

Morking example:

g

I

ptable surface itrregulanty may be preted
erroncously as fhack of casting consistency

Thy inuitics may even b ified by the setupto
wrongly show a casting as out of dimensional tolerance!

The tooling point approach climinates this effect of cast
surface vanations on setup.

Speafic small areas of the cast surface are designated as
tooling pomls. (\ncnnon can t.hcn bc given (o thcw areas to
assurereg 5P th

will be avoidy ‘whcn:a, ing op m':;’" resultin
sutface irregulanty

Tooling points are located s0 as o0 establnh three datum
plancs. Wherever practical, casting dimensions are taken
from these three plancs, By using loolmg pointsinaltsetups
—ml the loundrv atai and for

dimensi canbccn\ured of the
ﬁmshedparl.
<:> a th ne: x-ray grade....
In this zone: x-ray g Defrition
2. Undesignated areas: x-ray grade.... Toolngy fied K blesurl:

of a casng whnch serve as pomu o{ fixture contact for

Geomerrical areas. and These

Gromc'lmlcmmlareas:rczoncswhcrcsmalllolmnm pomxs define three datum planes on the casung for

have tobe met by the foundry for 18 PUIPOsES.
Tookng Poimt Symbol

The following symbol should be used on drawngs to
fndicate toohng points,

Jooling Polat

mvml Ilml-

1168 Toeatification of Satw plane
!oqllug pwm H

e e
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Draving Specification
Tooling pounts should be indicated on drawings as shown fn
2219a, The dawm planc may be defined by the toohm
pomnt symbol or d ted by aleader and the

letter wath the following note “Datum Plane A™

Q-0

Tooting ot on surfack an ftt mu

atum panes

/Oalm pute ¢
& |

Toohing poeat 66 s0eTace 5eeA 23 4 visdIt hae

Fg22192

Definionof, l)atum l’/«mc
Dzruml ! *; fromwhich f {the
catingare di \mcnuoncd

Relatonship between Toolng Points and Datum Planes
The toolmg points define and idenufy throe datum planes.
Th plancs dicular plancs unless
otherwise spmﬁcd In gencm!. !oolm; points should be
located to establish the first datum plane wath three points,
the second datum plane with two ponts and the thurd datum
plancwithone pont (see 22 195).

Satvm Piang 2a®
o ibaret by
ey
e

Fig2219b

The tooling points sclected should be shown and their
Jocation must be dimensioned on the drawing, After the
Rash 1 ¢ 5 " ! 3

tooling point I hould h d without prop
coordination between designer and founder

Tooling Point Contacts

Several of tooling paint contacts will be
employeds

1. Crowntype:

Gastes Datum Pane &

\_,w.m Oatvm Plane A

2. Raltype:

",uu o
) Nom O

“RarkType™ Contact

3. Where the tooling point contact 15 on a surface not
normal to the datum plane, the centre of the tooling
pont contact should be offset asallustratedin2 2 19¢
However, where the tooling pount contact radiss 13 not
greater than 125 mm and angle ¢ S' offset may be
disregarded.

Ly
o ¢,
o« G DT
ol Gorn hat a4 s el b
] .

Fg2219¢

4, The third type of tooling pomnt contact 1s used on
spherical o muluplrcunrd surface castings. Here,a
hat different app in establishung datum
plancs {5 required. Tooking point coatasts are 50° V
contacts amd may be cither fixed or movable (se¢
22.194).

S, Thefourthtype oftoohng pointcontset — alsoused on
castings having arcular features = is the centring
Jevice or three jaw chuch (sce 22 19¢).
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B8 vsed for atl inspection and manuTics
Tunng eperations

The “¥* locator is radwsed a3 howh
I durRary view

MOVABLT ~¥™ LOCATOR

The supplementary directional arrews
e TP Maders -nd-uu l-m»n o

movement of the *™ boca!

pumder is used n teth TPy

% TNEY MOve 85 3 Ut To
ceater the part rerative to Satum plase 3

Latum
Pune s

The three TP symials Shown a3 sumders & and 5,
2T simuitanesusly 4 the drectons thewn By e
Lasiemertsry arroms 16 reate W part 1o D

il ] rels

M C. id
beA Between Dhe part a6 the datvm planes is
terDer fze by 1P 4.

Fg2219e

Conclusion

In most aituations the tooling point contact would be a
crown (sphencal radius) button with the amount of crown
kept to a minimum 1o prevent dentng of the part from
clamping pressure. This system can be seen in Fig4 (Crown
1ype) and how the datum plancs are defined by tooling
points.

23 TOLERANCES

231 Genersl

Dumensional variation in a casting may by mu\cd by many
factors, Most of these factors are closely ¢ by the

Fg2219d

partmay be closer than tolerance for a castung i1 also often
true that cnitical review of a design will allow a shght backing
offon tolerances, undercut, bhind holes, etc., for translaton
into higher production yields and lower initial prece costs

Ot tosayitinanother way" the cost of any casting increases
inproportion to the pmscnm of specification, w hcthcr on
chemustr ¢ testing or tighter

2.32 Commonly Used Symbols
These symbols replace longhand notes on drawings for
indicating forms and positions of part features

symol | weaniog | RN, | ey Toteryretation

waatio | nelative @ $5cate 00 frature whe
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foundry, but minor *1ot to lot™ variations do occur which
result in the tolerance bands defined fater En this section.
While it & often true that machining tolerance on a pven
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2.3.3 Imestment Casting Tolerances

Wax or plastic temp pressure, die temp

mould or shell compostion back up sand, finng
remrperature, rate of cool, position of the part on a “tree”,
and heat treat temperature = al bear directly on toferances
requited in the imvestment castinginduszy

‘Th of tol quired to covereachyp step
1 dependent, basically, on the shape and size of the casting
and will vary from foundry to foundry.

‘This is because one foundry may specialize in thin walled,

highly sophsticated castings, another in mass production
Tequirements, and yet another in bigh integrity P t

> Wall Thickness Tolerance (ARAlloy)

A well thickness m & casting s formed by two parallel
ceramic walls wr the mould stage which can flex of
unsupported and lead to vanations in wall thickness of the
casting.

Thercfore, s.ace the flexing of the 2-mould wall increases
with the size of the mould area, the wall thickness tolerance
generally increases i relation to the size of the wall area

Therefore, any opeming i the casting wall wall act as a
support between the mould walt, resvlting in a decreased

aircraft applications.

Tolerance data for Th-Alloys onlys

o Munimum Tol.(for wall thick £0.3mm

©  Flamess: +0.003 mm/mm
©  Lanear Toleranoce: £0005imm/mm

' The least thickness vanation oocurs
ator pear wail supports, 1 ¢, a tolerance of £ 01 around an
opening can be maintained regardless of the 1ol
requitement of the remarning walk.

For general wall thickness tolerances refer to Figure 2 3 3a

12
1.0

08
2 06

" \

Toleranc:

1deat toterance 20ne

Foundry to be consulted>

.

50 100 200 300
Unsupported distance of wall inmm

! i
400 500 600 00
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These linear tolerances for Investment Casting have been
taken froma foundry’s Design Data Handbook.
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For further fi plebelow A real d have been accepted by several
castingmade from Al-alloy is shown foundries and can be used as an example of sunular parts.
‘The main feature is the tolerance of theJoftline surface with
regard 1o 1ts position and ts waviness. It shows acceptable
Ttis a typical part of a wing arca of a transport aircraft The  values for Jater assembly

Upper wing profil

¥ 0,15 Rear spar ‘

' Front spar
'
i
: : !
- §
180 rm H
! —ai]
500 mm ' ‘
t
- i - N 10,15 1
L JU ;
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For meaning of symbols see para 2.3.2
For values of Lin. Tol. see above shown diagram,

values valid for Al-Castings, only
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At casting.

dry's Design Data Handb

standard hinear tolerances

As & general rule . ., normal hinear tol-
erance on investment castings can be as
follows™>Up to 1° = 0010°, For each
additional inch thereafter. = 0 003", Fol.
lowing 18 a chart_indicating expected
normal and premium tolerances:

NORMAL TOLERANCES sre toler
ances that can ba expected for
production repeatability of aif cast.
Ing dimensions.

PREMIUM TOLERANCES are those
which require added operstions at
extra cost, and provide for closer
on selected if
In the case of premium toterances,
you can obtaln“even tighter tolers
ances than those shown on the
followang chart, It will depend on
the alioy and configuration ... and
should be deterruned In close co-
fon with your
casting suppleer,

" UINEAR TOLERANCE

DIMENSIONS NORMAL PREMIUM
upto H* = = 003"
uptol” z 010* = 008~
uwto2” = 0 2 008*
wplo3* * 016 = 010"
upto4” = 019" s 012*
vptos” = 022" « 014%
upto 6" =z 025" =z 01%*
upto7” z 028" = 016*
v tod* =z onr LD g
uwp o9 = 034~ =z L18*
oo 107 = 03" = 019*
maximum

vanaton z 040"

An gacepteon te the Standard Laear Tolerance
A113t5 04 than walt tRchsess where the tolese
ance st De & minarom of = 020",

flatness (dish)

Flatness and straightness are so closely
related that confusion may arise unless
the foundry and the purchaser reach
definite agreement prior to production
Mil Std 8 states that “a flatness toler-
ance 1s the total deviation permitted
from & plane and consists of the distance
between two parallel planes between
which the entire surface 30 tolersnced
must lie”. In" messuring, the parallel
planes must be the minmum distance
apart

Paraties planes
At
disnce sart,

Wi

Paratiel planes
AU, giatance
st

W0alirg pos
TARE PALS

TR Pataess
tolerance one

The degree of flatness exhibited in an
investment casting is slmost always de.
termited by the amount of volumetric
shrinkage that the wax and metal un.
dergo during coohing. This shrinksge 1
usually in the center of the mass and s
referred to as “dish™ (shrinkage, dip, or
et of flat™), This dish ean be controlled

P Y
but will always be present to some ex.
tent, General flatness tolerances cannot
be quoted as they vary with configurstion
and alloy used, The following serves as
:nr)w;‘uh guide in areas under 6 square
chea.

effect of dishing
SECTION POSSIBLE DISH PER
THICKNESS FACL OF CASTING
uploe” ot sigrvicant
Y toh” 0002+
W ol 0004
ovet1” 0006°




‘The amount of dishing allowed is in ad«
dition to the basic tolerance, Thus on a
block of 1° = 0005 thick, the following
would spply:

ooa
L
e’ =

230 reler 1 ergn acton

The method of measuring flatness
should be specified by the purchaser. It
may vary [rom simple surface plate and
feeler gage techniques up to full layout
with i and disl t
(premium),

straightness

Mil Std. 8 states that ~a tolerance cover.
ing the straichtness of an axis is the
diameter or width within which the axis
must he™,

1t is obvious from this that to correctly
measure axisl straightness of either »
shait, ber or plate, the tolerance zone
(within which the axs or axial plane
hes) must be messured,

A rectanguian Bae may e ot of a1 0n the 10p o1
DOHOM WA ff 5 2100 Plane
e musl b strag™

straightness tolerance

Strasghtness may be a real problem with
certain types of castings. A’ relatively
thin, short part may bend while & long
heavy part may not. Experience tells the
foundry that a given design may bend,
but experience cannot say to what extent
As 8 rough guide, it may be said that 2
constant section will have an axial bow
of 0005° per inch. Ribs and gussets will
inhibit warpage and will also hinder the
. ! ightening of wh

warpage has ooccurred.

parallelism

Casting of parts, which have parallel
prongs supported only at one end, pre«
sent a very specialized type of problem
and should be discussed fully with the
foundry prior to production.

— O

= aa

oo

Yoke castings also present a very spe-
clalized type of problem and should be
discussed fully wath the foundry prior to
production.

F—V.—
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Since point X is the thickest section,
it {s the 1deal point to gate, It is also the
area where the greatest volumetne
shnnkage mil oocur, Dumension Y, how:
ever, will be restrained by the ngid mass
of refractory, The result is that parallel.
famn is dufficult to maintain and will be
0010 per inch of L, but can be improved
by con‘kl;ol techniques and sizing. This

boles ususlly found in yokss. When

such boles should carry consd.
erable finish stock if they are to be fin.
ished truly concentric or Line reamed.

.
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roundness or “out of round”

*Out of round? is defined ar the radisl
difference between a true cucle and &
given circumference It 1s the total mndis
cator reading when the part 15 rotated
SwGO'ontelnheul byhhn(
half the the

and punimum condition. The latter tech-
nique is usually preferred since it takes
less time, The actual metbod of inspec-
tion to be used, howeves, ahould be spe-
cified by the purchaser

OUT OF ROUNDNESS

TIR or e difference

Ouametes between diameters
P 010
" 0157
we | 9207
2* 025"

On Jarger diameters, ineat tolerantes apply

concentncity

“Two cyhindncal surfaces sharing s com.

op potnt or axs ss their oenter are
rie. Any d 1 it

fn the location of one center with reepect

to the other 1 the extent of eccentnaty.

{econvrien $
o Ovt of reund

ot conceatric

The sketch shows that out of round«
Bess in either diameter does not nﬂeﬂ

becsuse
lates the centers or axes of thqdhmmn.
Out of roundness is thele variance from
a true circle, However, {n a shaft or tube,
strazghtness has & very real influeace on
concentriaty.

L
) 1
TE—ESf

Drameters A and B may be true cir.
cles, but ft b obvious that the out of
straightness condition has affected
concentrity.,

concentncnty tolerance

W'henlhelennhollbar ot tube does
not exceed 1ts component iameters by a
factor of more than 2 tmes, the cornpo-
nent duameters will be concentric within
0008" per wnch of separation.

2 (0 005% MiN}
et M

-
IF=—s=f,-

———a)t

$005% Tk,
Euspieh '

DAMPLE A=37 COX 2 ID X 4%
2' 10 wilt be_concentrc -lwn%s' TR 0'
00=2" 1D » 17 Separation,

e 27 o

eoIs TIR
Tampie d

MPLEBo5° 00X 2101 2%
lo vt-l De_cONCERtrc w iR O 15' IIR (5'
0 = 3* sepetation)
When the Tength exceeds the factor of
two times, then the amount of out of
strasghtness as described above should
be added to the inherent eccentnicnty,
EXAMPLE
2° 0D 2 17 ID x 4° long, Separation
13 1%, eccentricity. s va s =X 008 TII
47 x 003" perinchout of
straghtness ........... = 00 TIR
Total of dewatson ... &= 025" TIR

.angularity
Angular tolerance is dependent on the
configuration forming the angle,

B S PN
Y nZfed

Sketch “A™ cannot be sized, but in
certain cases alter sufficent data has

reworked to = 14° and & 1° respectively,
Obvicusly, however this §s dependent on
the alloy and its condition,




positioning
Toletance on the postion of holes and
“bosses is dependent upon configurstion
,of the parent casting. Position of holes or
on the penphery of examples

-bown under concenlmny wilt obviously
.be sffected by the degree of eccentriaty-
“shown, The poution of holes or bosses on
a flat plate will be controlled by the
‘linear tolerances ‘already given

A new factor enters here, however.
‘The linear tolerances are based on volu«
metric shrinkage; holes and bosses dis.
‘turb this shnnkage pattern, It s possible
to reduce these tolerance bands by about
10% when applying them to a configura.
tion that disturbe the shrinkage pattern,
It is dufficult to predict the exact amount
and the foundry may wish o rework the
tooling to take full sdvantage of these
better tolerances

2000” Balt Circle
wmm

4 Miny
sevtspaced
within 0 013*
o true
Ptiten

Holes and bosses on a parent diame-
ter are affected by the degree of out of
roundness exhibited by the parent dic
smeter although the notes above con.
cerning breskup of the shninkage pattern
are sl vald,

As aruleof thumb, a bolt circle diame«
ter carrying holes and bosses wall have
the same amount of out of roundness as
any other diameter. Thus a 2° BCD will
be round within 0025" TIR, This is best
expressed and designed for in terms of
true position,

The parsllelsza and straightness of
such holes is & function of the straighte
ness of the parent casting and the tables
already prven wall apply.

hole tolerance

‘The roundness of a cast hole is affected
by the mass of sutrounding metal, If an
uneven mass ts adjaeent, the hole will be
pulled out of round If the surrounding
metal is symmetncal, holes up to 14~
diam, can be held to = 0003" when
checked with a plug gage, Larger holes
may be affected by intenor shrinkage or
pulling, and the foundry should be
consul -

AN,

/‘. 7,

‘The longer the hole or the more mass
of the section around i, the more pro«
nounced the effect, Some shrinkage con.
cavity will be present to some extent 1n
all castings, The openings at top and
bottom of the hole will be approximately
the same dimension while the center will
be & larger diameter Thru holes which
require clearance (this can be checked
using a plug-type gage) can be held to
{airly close tolezances 1f the larger diam.
eter In the center is ignored. If, however.
the nidewalls of the hole are used as
bearing surfaces, & simple reaming op-
eration will size the cast opening.

The lower figute shows the effect of
shnnkage on a hole dismeter when &
heavier section 18 in the proxinuty of the
hole itsell, Note that the duameter-1s
dustorted due to additional mase shank.
age of the heavier section, The figure
shows a graphic illustzation of the dis.
tortion which wall be present to a greater
or lesser degree in every casting when &
heavier mass ailects shnnkage,

tapered holes

A.-TAPERED WITHIN THEM.
SELVES. The notes above are applica.
ble, We recommend that such holes be
dimensioned at the lesser dismeter and
the angle given The angle can be held

B 1,‘4APERED WITH RESPECT TO
ANOTHER FEATURE. Here again the
notes on holes spply. The angle rom any
given poation will vary = 1°

* .




curved holes

Since curved holes are formed by either
soluble wax or preformed ceramuc cores.
the normal tolerance tends to be dou-
bled. A factor of 2 times must be applied
to the tolerance on ail dimensions con
trolling such a feature. Since such holes
cannot be sized, & diameter tolerance of
= 0005 per inch also applies.

Linear Tolerance x 2

Drameter
Toterance x 2

angular holés

Since these holes are usually formed by
raetsl cores within the die, the tolerance
restrictions for curved holes do not apply
and normal tolerance bands are ususlly
acceptable, If the angle formed by the
two centerlines is greater than 120°, the
hole can be sized, but il it is less, & &i-
ameter tolerance of = 0005” per inch
must be used,

internal radii, fillets

These should always be given as wide
tolerance as posnible, They are difficult
to control and can only be checked ap-
pmxlmnely by radius gages. or at a
premium by an optical comparator.

contours, radi and cams

A designer who plans to dimension s
radius on a casting should understand
thet during the’ cochng process volu.
metric shrinkage occurs which has a
duturbing effect on external radii and
contours, In a flat casting. concavity is
eanly illustrated and understood, (refer
to section on Flstness). The same con.
cavity effects are encountered with csat-
ings that have contours, but with more
dramatic results

In concave radius apphcations, with
the greatest shrinkage occursing in the
center and the outer extremities fixed by
ihe dupensions of the casting, the cust
radius tends to decrease. In dimenison-
ing & drawing for & concave yadius, (see
Figure 1), the desimer should use a ref
erence radius, waing imensions on
casting radius to control the basic physi.
cal s1ze, The 6t to mating configuration

should be controlled by using a tolerance

band on the radius jtself.

Figure 1

Cost

Rad.
Erveiope (Decresses)]

To /] -/—-L
¥

Theoretcal
Sharp o10
} Coner Amount

of Dish|
R

In convex radius casting applications,
with the greatest shnnkage again otcur.
nng in the center the cast radius tends
toincrease (see Figure 2), The drawing
should be dimensioned with these con.
siderations in mind

by 2
Amdunt
Laveteoe Towrance o Dun
\ 1
i
pry)
Rot
() Cort mea

(1acransesy

Note Conver Radivs § of Envelope
Tolerance would normally ¢oincede
woth hegh ot of 17 Oim (1 010)




perpendicularity

When perpendiculanty is specified, the
reference plane should be the longer of
the two planes, the dsturn plane to be
established by 3 tooling points
In draming of the casting at right. sur-
face B will be perpendicular 1o surface
A within 0008" per 1” of length of sur-
face B,
Example, l.enﬂh ofBz=3"
- *x3% = 00247
‘Therefore: ourhce B should be per.
pendicular to surface A within 0024°
. Some improvement on tolerance

can be effected by straightening.
£
e/
oy
jogroN e
~ o,
g

The tolerance features above defined can also be used for
the following casting processes, They differ only in theie
values.

2.3.4 Premium Casting
For all casting methods, tolerances depend on the material
used for tooling and for the mould

Metallic tooling has a ughet accuracy than tooling made of
wood. Because many steps are required from the first step
for the tooling up to the finished casting, the overall
tolerances of a dimension are the sum of many single
variations, bhe:

® Vamation of the tooling

. Vamuon ofthe mould patts

o Vi mould )

 Expansion behaviour of the mould during rmung

o Shrinking behaviour of the casting alioy,

The list may not b plete, butit gives iewof the

tolerances which will anse during the casting process.
The following diagram shows lincar tolerances feasible ona

Premum Casting,
o
-
m L, /[/'
oo + 3
" o
'
fTes v
e
-
PRI L
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For further tol sec iplebelow A
real casting made from Al-alloy s sbowm. Itisa 1yp|ml part
of a wing area of a transport aucraft. 'mc tolerances

dcan

beused asan example of star parts,
Themaint, s the tol, {the loft-hoe surf

regard to yts position and its waviness.

+
with

Uopar wing proflle

Front spar Beas spar

£42 mesning of yavols see bera 132
£56 valont #F T16; U1 bee 000 Fagrem

2.3.5 Conventional Sand Casting

As desenbed in Section 2.3.4, the overall tolerances for
conventionat Sand Casting have the same ongins However,
1nmany cascs there 1s no need for very fow tolerances, and
50 the conventional Sand Casung process with its cheaper
tooling and mould material also has its apphications.

-

P - . F) 4 %

b 3
Unear Lrlerancon of (ovuniians) Sand Conting

2.3.6 Rammed Graphite Casting (Th-ANoys)

¢ MinmumTol (for wall thicknessy 2 08 mm

©  Flaness: 4 03mm/mm

¢ Lincar Tolerance: £ 03mm/mm

L]

[T Y - (R
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CONCLUSION

The toler nces shown mn this chapter for Investment,
Premium and Conventional Sand Castng are only meant as
guidelines for the first design step, because the capabilities
of the foundries duffer shghtly. So, after considering this
chapter for the pre-design, the teastble tolerances may be
determined after dw:ussmn vm.h the (oundry spemhsts
Another pornts th yof galso
basagreatinfluence on the tolerances,

explains the Meient specifications of each country for the
same materia] compostion,

2.6 SURFACE PROTECTION

Generally it can be said rb.'n an protection systems usually
for Al-alk pp A356,
A357)Howc\tr. perience has shown th

Bumcanbesaxddmcasnngsmlh iati ptable for
nearly every q canbe

P

24 SURFACE ROUGHNESS
“The casting surface ditectly depends on the mould material
used for the various castng methods.

a)  Investment Casting
A wax model of the casting, produced in a metal tool,
will be dipped 1n fluid ceramuc matenal, which forms
the first skin of the mould, Because of the finc-grained
ceramic powder, this first coat is very smooth and very
nearly reflects the surface of the wax model. For values
secTable 2.4 1.

b)  Premium Sand Castung/Conventional Sand Casting/
Ti-Rammed Graphite Casting.
Because the casting surface 1s 2 pnint of the casting
mould, and in this case the mould 1s made up of sand,
the surface roughness is higher than for investment
castng. Careful selection of grain size and additionat
coating of the mould areas give the casting surface

have 0 be changed for the so-called chromic
aad anodising process. The reason 1s the hugh proportion of
Silcon (approx. 7%).

2.7 Al)DITlOVALD\TA ON WORKSHOP DRA\WI\G
To assist the foundry in making an 2

a casting, certain information should be on lhe draming 1n
the form of notes. Thus is also necessary dunng production,
while dies and toolmg are being made, dunng casting and
afterwaids, for castinginspection

‘The followang notes should be on every casung drawing

! Designated/undesignated areas

2 Generaltolerance information

3. Pilletand comer radii, i notspecified on the drawing
4. Type of casung idenufication mathing
5
6

Surface roughness
Partclass

7. Material specification

8. Heattreatng specification

PP

For values sce Table 2 4 1

Table 241
Surface roughness depending on the astng process

Ab=IAvestment Casting v16 e 32 umor &5 A 125 RMS
AlsPreriun Sand Cesting * 6,4 pm ot 250 R¥S
Al=Conveatfondl Sand Casting 12,5 um or S00 RMS
Ti=lnvestnentoCasting 3,2 un or 129 &MS

TieRammed Crapdite Cisting 6,8 pm or 250 &S

2.5 MATERIALS
Thns section guves | bncl information on casung matenals

usedinth yandtherr

The figures given will help the designer to define the
necessary matenal and to deternune roughly the wall
thickness of his part in the carly design stage, This is
important with regard to casting method, but it has been
noticed that the precise values of the mechanical propestics
differ from foundry to foundry and from country to country
(sce Chapter 3}

Another characteristic is the fact that every country has its
own material speafication, Thercfore Figure 2.5.2 shows
the “Material Specification Comparison Matrix”, which

10 Inspection s;‘;cc:ﬁcalmn
11, Finalfinish of part
12 Arcas where no repait by welding s permitted

2.8 REPAIR

28.1 Repairby the Foundry
If there arc defects in the casting structure 1t 1s generally
pernussible to repaur them by welding
2)  Because for simple, and especially for complex parts,
welding takes place before heat treatment, there 18 no
d ofthe ! i

by A repait spectfication should be prepared that shows
Jefect sizes and goometnes whzch allow rqwr by
welding. This repai by qualified
\norkcrs (mlhcemﬁcauon).

\\dd repatrs, using filler matereal of the same composition
2. extubit parent metal h f A

lmcal »\ddmg scqucncc isas follows

SORLLSTIN WILH REPALR LIn1TS

L4 i
oo | pmgme BTN |
A 12,7 -, Whisited tim
. 19 .M 2 17 m
3 LT nlinited Wwiinitg
. -
- »

[P~ NP
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Table251
Chermical Composibon of Aluminium Casting ABoys A356,
A357, A201
"ELEMENTS : Others
- Cu Ay Be Mn Mg Te Fe S 2n | oexth = At
ALLOY ) Jst o Pas s b e b o | oo
A% from - - bad i 020 | ~ — } 650 —) — § =
G2 o Loz — | — [ o10] 040§ 20| 020 250 | 010] 005 | 015 | ea
from | — | — | = — Jos jor0] — {650 | ~| =} —
A3S?
t0 020 | — J007] 010 | 070 § 020 | 620 § 750 { 030 | 005 | 015 | 84
4 040 ) — | 020 ), Al - - - - -
A201 from 0 .2 015 | 015
to 5001100} — | 040 | 035 F035] 010 § 005 | — | 003] 010} Bat
Seighm 1 Canade | France § Germary (""‘::«f_ Geeece § 1oty | weering | horay | Sate f vurkey § usa
M85 3234 Fasi e *u v 12652 A3se
A
f s w o,
2 ASIG00E ) 2304 i35 ) AX?
(A352)
H
ki (R0 322 (14ALIY
- LFeAY)

Atentioas  Tyoe of aliey (composition} 5 conparabie, dut the mechanical properties
A e trerentt

F252 Desyg used in matenal fi of the vanous
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Fi3253 Mechamcal propertes of normally used castng aloys
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1
|

1. Complete removal of the defxct by gnading or
machining,

312 Physical Data of Al-and Ti-Alloys

2 R by sadiographic and fl TTeriag
penetrant inspection to aswre the ! of A58 | K01 17 T4V
removal, Ko/t 268 23 £ 5t

3 Degreaseand chemical cleaning e vor | _ew | _sae

4 Weldinnertatmosphere (Argon) glove bow, BTy EYETLE LN [T

S, Vacuumheat treatment, fouston "X 1078 iajiesh LN MY I EY TN

6. Fluor p and radiographic sy of it KIS/ 3% 0 | 0] o9
repaired area. et ST/ s | enB] e

Trermal Wk k 129 Tug e O w8

282 “InService™ Repair Condurtivity Mok SORrert | Y ;""",, ) s

Parts integrated wnto the structure by nveting should be
repaired by normal methods used generally on solid parts
andinaccordance with the ARM (Aircraft Repaxr Manualy
“This means mostly that ye-inforcement is fiveted to the
eadting atthe defective focation.

3. MECHANICAL DATA
3.4 GENERAL INFORMATION

341 Intemational Notation and Umits

Smce nearly c\cryooumryuws itsown notation and umits it
for all variables i this

duprer Thn systemm s the ISO  (/nternanonat

Standardisation Organization).

However <ince many sources we USA Standards, the
system withats unts ss also tabled below

150 LA
AL NOTATION] w1y L1
Stress o fmm | r |t
N I P I
msnc Tielg Steess | g2 Wme £, | w1
ngnp::sslm ll:ld st f2as,2 | wsme r‘y kst

Beiring Stremgth
vt e nad 68 [wmt [n,, |
aearing Tield i};v:&z 4 210.2 | w/me 'bry )

Shear Strength T Jwm g

4t 20° « X00°C (6N° - 312°F)
at 3007 (21208}

at 2% Oy

CELEE T

9 60,1022 x 12 v 192
wnre wen
onxzuen}

TxsLasel

3
02212.!2‘!;

=

s
Ol”lfml‘

3.2 MATERIAL DATA

Thus section contains variables of the aluminum alloys
A357,A201 and th alioy Ti-6AL-4V Thescalloy:
are suitable for areraft structurc application.

For comparison of the matenal peaifi and ch ]
composition of the mentioned alloys see Section 2.5

All variables shown for Rm, Rp0.2 are speaification values,
not A-and B-design allowables Actual guaranteed values
should be established for cach casting by agreement
betwoen the user and the foundry. Itis advisable to define all
descripive data on a specsal data sheet, for exampler
position of test bars, type of test bars, Rm, Rp0,2, A and so
on, and 1o obtun agreement about all pouts with the
foundry. This agreement has to be part of the contract
between the foundry and the user

With the casing methods 1t 1s better to control the
mechanical properties of a part rather than the process
method, This fact should be used by the designers, fot cost
h (alowerneof mechanical N
&

Young's Modulus (tesion] € N/ 4 kst

Yourg's Mooulus {aoer)| €, */m* £ (]

prop

3.2.1 Mechanical Properties
Table 3.2.1 shows the mechanical properties which the

Apareat Plane St
fracture 'ms?“ (°° Ymiz ‘°° mlﬁ?

Qorroaion mu “isce | wmmdpe | Misce | WA
Crck propagation tate | 41 | wiexcle Q@ [iserte

Deasity ne e

(O e 21 )
QO Wm¥se 3, n wirs

Sar bodulus | vme 0 xSt foundncs canachieve. These data have been extracted from
many d foundly hures ctc. Some
Polsson’s katlo v v vahuos Matta b wasinhand
athatleee | A s 3 X orbecause tests have not yet been done.
Fartue Tosgtness Ge [wmirs| G | SR 3.2.2 Strength Behaviour at High Temperatures
Plane Stress NS IR ED Alimetallic Is show a certan foss of tensile strength
iracture Joughvess under the influence of clevated temperatures This amount

differs from material to matenal, but there are alvo some
other aspects thatinfluence the decrease in strength,

a) Time of exposure to clevated temperatures
b) Alloy composition

¢} Heattreatment conditions

d)  Wallthickness of the casting

‘The following diagrams can be used oaly as examples to
show the tendencics.

o
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Table324
Aoy A357-Y6 (Sources Alcoa, USA), Typical mechanical propertes at vanous temperatures
TFensile Propertics
Tempers 13\":: At Temperature Indicated At Room Temperature After Heating
ature | Temp, | Tenwle | Yield | Efong | Modulusof | Tensile Yaetd Elong.
(hry { Strength | Srength | indD  {-Elastiay® | Strength | Strength in4D
(i) (p>)__| (perceny) § (milhonpw) § (ps1) (px1) (percenty
452F
~423°F
~320°F 62000 | 48,000 6
~N2F 55000 § 45000 6
-~ 18°F 54000 | 43000 6
I5F 52000 | 42000 8 104 52000 42,000 §
22F %1 46000 | 39,000 10 46,000 39000 [
10 46000 | 39.000 10 50,000 42,000 6
1001 46000 § 39000 10 50000 45000 6
1,000 1 46,000 § 40,000 8 47,000 42,000 6
10000 § 48,000 | 45,000 6
300F % § 39000 | 35000 10
104 41,000 § 37,000 9
100§ 42,000 } 40000 7
1,000} 38000 { 36000 7
10000 § 23000 § 21,000 20
350F %] 37000 | 33000 7
10§ 40000 | 38000 6
100 | 35000 | 33,000 7
10003 22000 § 20,000 19
10,000 § 13000 § 11000 35
AW0F 1 36000 § 35000 6 52,000 45,000 6
10} 30000 { 28.000 7 43,060 38,000 7
100§ 23000 } 21,000 23 35,000 27,000 9
1000 12006 } 10000 0
10,000 § 10000 7.500 S0
450F Y { 31,000 § 30,000 9
10§ 19,000 § 18,000 13
100 | 14000 | 13,000 45
1,000
10,000
SOOF % 23000 | 22,000 16
10} 12000 § 11.000 23
100} 8000 7000 55
1,600
10,000
600°F %} 10000 | 9,500 35
10
100
1,000
10,000
(1) The modulus of elasticity in comg is about 2 pereent greatee than in tension,
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! Table325
§ Aoy A3ST-T6 (Source: Akcoa, USA) .
§ Time Stress Rupture and Creep Properties Faugue ;
¢ Temper- | Under Stress for Rupture and Creep fn Time Indicated (pst) Propertiest) H
! awre 52{35 Roprore | 10% | 05% | 02% 01% | Noof | Stess :
H Creep Creep Creep creep Cycles (ps)) )
; BFL 01 10° | 41000
; 1 105 | 31000 .
: 10 10 [ 22500
: 100 107 | 16000 )
i 1.000 100 1 14000 i
! SX10* | 13000
) 227 0Y 10* i
1 10¢
10 100
100 307
1.000 10t
5% 10* 4
300F| o1 10*
. 1 10%
10 100
100 107
1,000 10°
5% 10°
350FF o1 36000 § 35000 | 35000 | 32000 | 31,000 10° ’
1} 35000 § 34000 | 34000 | 31000 | 30000 10% [
10 33006 | 32000 | 31,000 § 29000 | 26000 104
100 § 25000 § 25000 | 24000 | 20000 10 '
1,000 § 16000 | 16000 { 16000 10" . i
5% 108 !
W00F | o1 10* {
i 108 i
10 10¢
100 10
1000 10°
5% 10*
500F | o1 10¢
1 10°
10 10t
100 10’
1,000 104
5X10¢
600F| ol 10%
1 10°
10 10
100 10
1,000 10t
SX 10%

(1) Based on the results of rotating beam tests at room temperature and cantilever beam (rotating foad) tests at
clevated temperatures.
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Table 326
Alioy A201-T7 (Source* Akoa, USA) Typal i prop atvanous
Tensile Properties
' Temper- 'ILn:e At Temperature Indicated At Room Temperature After Heaung
' awre | Temp. | Tensile | Yield Elong. | Modulusof { Tenule Yield Elong
(hr) | Strength | Stength | in4D | Elasucity § Strength | Steength indD
() sy 1§ (percent) f (mullionpsi) | (pst) () (percent)
-452F 93000 | 81,000 7
-323F 93,000 § 79,000 8
-320F 89,000 § 75.000 8
~112F 71000 § 70000 6
- 18F 74,000 § 67,000 6
75'F 72000 | 65,000 6 10.3 72,000 65,000 65
212°F %
10
100
1,000
10,000
300°F %
. - 10
100§ 63000 | 57,000 9 72000 65,000 6
1,000 60,000 | $3000 10 70,000 61,000 6
10,000 ¢ 58,000 { 52,0600 6 68,000 58,000 4
: 350°F %
10
( 100§ 54000 j 49,000 10 68,000 61000 4
i 1,000} 51,000 | 46,000 8 63,000 57,000 4
10,000 § 43,000 | 37,000 9 58,000 45000 6
400°F "
10
100 § 48000 | 42000 10 66000 | 58,000 s
1,000 39000 | 33.000 16 55000 | 43000 4
10,000 § 23000 | 18,000 25 41,000 22,000 12
A50°F %
10
100
1,000 § 22000 § 15,000 25 41,000 1 22,000 12
10,000 § 19000 § 13000 28 37,000 13,000 13
S00F %
10
100
1000 16000 1 13000 25 38,000 20,000 12
10,000 § 13,000 § 10,000 32 34,600 17000 1
S00°F %
Hi
100
10004 9000 | 8000 48 34,000 14000 12
10.000] 8000 § 6000 S1 29.000 11,000 13

(1) The modulus in clasticity in compression Is about 2 percent greater than in tension.
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Table 32,7
Aoy A201-T7 (Source, Alcoa, USA)
s
Time Stress Rupture and Creep Properties Fatgue
Temper- | Under Stress for Rupture and Creepin Time Ind (ps1) Properties’”)
ature  § Stress ” o
) Rupture | 1.0% 05% 02% 01% No of Stress
Creep Creep Crecp Creep Cydles (ps1)
. SF 01 10¢
1 10¢
10 108
100 107
1,000 10*
SX 10
212F 0.1
. i
1 10
! 100
1000
¢4
300F 01 10¢
1 10°
10§ 57,000 | 56,000 § 56,000 53,000 52,000 10*
100 § 51,000 | 51,000 § 50,000 49,000 47000 107
‘ 1000 § 35000 | 45000 | 45000 44,000 41,000 16
) 5% 10%
. IS0 01 10
1 50,000 48,000 10
‘ 10 48,000 § 47,000 | 46,000 45,000 43,000 10
100 | 42,000 § 42000 § 41,000 39,000 38,000 10’
1000 | 35000 § 35000 § 35000 34,000 g
' SX10%
400'F ot 10
' 11 42000 § 42000 | 41,000 40,000 39,000 108 N
10§ 39,000 | 38000 | 38.000 36,000 32000 108
100 | 33,000 | 33000 | 32,000 30,000 25000 107
' 1000 | 25000 § 25000 | 25000 10*
35X 10*
4507 01 10*
1 10
10 27,000 24000 10*
100 | 23,000 | 24000 | 23.000 10’
1,000 10
$X10¢
S00F [13] 10% 4
1 21000 10
10 § 21000 § 20,000 { 20000 18,000 10°
100 10
1,000 o
5X10%
GOF | 01 10¢
1 10*
10 i
190 10’
1,000 10 ,
$x 10" N h
(1) Based on the results of rotating beam tests at room temperature and cantilever beam (rotating Joad) tests at i
chkvated temperatures, f
1
|
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o :
i
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Table 328

Alioy A201<T7 (Source: Montupet, France) Tensle stength at vanous temperatures

T Tensile Properties
emper-
Test ature atroom temperature
remper- | mnaine atthe temperature shown afterprehéating
ature tenance 1:
wme | UTS | 10z | L. [EROL g | o1sez |,
(hours) MPy MPs MPs Mps MPs
~244°C 641 358 ?
-217'C 631 548 8
~160°C 614 517 8
~ 43C 531 433 6
- §C S10 462 6
24'C 496 418 6 71000 496 448 65
1H9°C 100 441 393 9 496 448 6
1,000 414 3n 10 483 421 6
10000 400 359 6 469 400 6
177°C 100 3n 338 10 449 421 6
1,000 352 kik} 8 434 393 6
10,000 296 255 9 400 310 6
204C 100 331 290 10 455 400 N
1,000 269 228 16 379 303 4
10.000 165 124 25 233 152 12
222C 100
1,000 152 103 25 253 152 12
10,000 131 90 25 258 124 13
280C 100
1,000 110 90 28 262 139 12
10,000 97 69 32 234 117 11
316°C 100
1,000 62 58 48 234 97 12
10000 35 41 St 200 76 13
I MPa= 1 N/mm?
v § T T




Table329

Aoy A201<T7 (Source. Montupet, France) Ultmate strength properties ant ¢reep deformabon

test

Exposure

Utimate strength properties and creep deformaten

Ultmate strength stress and creep deformation

semporature | Gmpours) with regard to the exposure tme
;”;:"a{,i creepng | crecpng | weepng | creepng
N 10% 05% 02% 01%
149°C o1
1
10 393 386 386 365 359
100 352 352 345 338 324
1,000 310 310 310 303 283
177rCc o1
1 345 331
10 331 324 37 310 29
100 29 290 283 264 262
1,000 241 241 241 234
204°C 01
1 290 290 283 276 269
10 269 262 262 248 221
160 228 28 21 207 172
1,000 172 172 172
37 01
1
10 136 165
100 165 165 159
1,000
260°C o1
1 145
10 148 139 139 124
100
1000

41

vy ——
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Investment Cast Ti-6Al-4V
Source: Howmet Turbine Components Corp , Ti-Cast. v,

Room and elevated temperature tenste properties afe
summanzed 1 Figure 32 l() Cast strength §s 1n good
with wrought b Ductility, while loner
than the wrought form, hay been enhanced by HiP
processing and ¥ not compromised by the transvene
propetty considerations that arc anticipated in forgings

°c
=100 O 100200 300 400 $00 600
T UL TR L) B

(for A201) do not always result lmproved fauguc
with the

improvement in fracture toughness Increased punty levei

does not, for instance, produce any appreciable

improvement in notched or smooth S-N fatigue strength.

FATIGUE DATA
FOR THE ALLOY A357:T6
Fatigue Properties Report (ace. to 1) (MBB-Report)
The figures 3 212 to 3 2 45 show the results of faugue tests
specimens of the alloy A357°T6. There are diagrams of the
alloy A357-T6 with tests made from mvestment- and
d InFigure32 11 are pxctured the

N
1000 - \ \TENSRE
\

8

02% YELD
STRENGTH

SIRENGTH, MPa
T

I~

»

3
T
g

40 Joert REQUCTION OF AREA —pmun] 40
+ 30
2 /,/ 2:

5
g

7 ELONGATION

-0200 0 200 400 600 80 1000 1200
TEST TEMPERATURE, *F

Fg3210

323 l-‘augue Data

With the increanng use of casuings tn aircraft structures
there ss a strong need for fatigue data beyond the normal
values of the mechanical propertics, The data shown
originate from the various programs of different countries
or they are tsken from foundry speafications. All the
references arehisted atthe end of the section

Gcncralmcs aboul fatigues

,,,__"mm. b arolv defined f: 1

|,~pncally shown by fow-carbon steel. 1nS-Ntests, For smoolh

testb dfor the dufferent K" ~factors. The fatug

are givenin Haigh and Woehler diagrams, After cach Haigh-
figure follows the Wochler—lmes bdongmg to 1t. The
following values have bex i

Alalloy A357-T6 Investment Casting
Kt=10 Figure 3212~ 3215
Kt=25Figure32.16~=3219
Kt=3.6:Figure 3220~ 3222

Alatloy A357:T6 Conv, Sand Casting
Kt=10-Figure 32233227
Kt=2.5:Figure 3228 =3231
Kt=36:Figure 32.32=32.34

Alalloy A3576 Prequum Casting
Kt=10-Figure 3235 ~ 32.38
Kt~ 2.5:Fiyure 32.39= 3242
Kt=~36Figure3243~3245

Of further interest 15 the matter of fatgue behaviour of
castng 1n comparison with that of normal wrought
matenals. The Figures 3246 to 3.2 48 show thus for the
already mentioned notch factors Ke= 10,25 and 36 The
stress rauo for all three diagrams was the same R = 0 f

Add: i dataforalloy A357
Cercastand Alcoa (F'gures 3249 a.nd 3250).

sction
o

ded b

- !‘»o

L w .mw om v
el 0 ool

or notchcd coupon tests, where Dfeume is g
pr by crack the fangue is
cxprcsscd asa fatiguc strength (stress) for a given pumber of
cyeles. In tests where fatigue crack growth s of interest, the

of alumil 1 d by ding the
crack growth rate (J/IN) as a function of stress mxmuty
range (AK). See Chaprer 6,

Jeis generally known that alloying or heat treatment that
wmproves tensile strength also tends to fncrease the fatigue
strength of aluminum, However, the design of alumimum
alloys to resist fulure by fatigue mechanisms has not
proceeded to the same extent a5 fot fracture toughness.
The effect of large constituent partichss on the fatigue
behaviour of high-strength aluruniam alioys is highly
dependent upon the type of fatiguc test of stress regime
chosen for the eval Reducedi 1sil,

e

—
T T

——Fp

= Jl.._
Ktal$ vive vt

» Yl
o ) ‘-—_‘_'.'.
ol o

Fi33211 Testspecamen accordag to Report
TMB1/71,LBF
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Probadility of Survival . 503
0 . Reference Section * net
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" 059 o] \Qb Test Yemperature R
& Scources WST-M  Program
- } M38.Bremen
o pal N %
o o N §
o s I Foo A
e LA % (o‘e,. ESES ?6
= oy (S awrresa) |
Y ‘v N o Stimm
A3 3 N ° e Hachined
oA =t ?
& 3 3
. s, Ra St
R g 5f o
A\ X" C
4 %&~~5 %,
S
' 1N
i
=
11 J 3 G %
Materlal Il 3 59‘*
Ren » 310 Nmm? it + . = ol
RpQ21 250 Nmm2 Lt . \Z
510
AS K
Al (al 10710 111 PN,
Quatity Class OINZSSN Y| ey TN
Il N AN NN IREE.N
- =00 0 0 200 00 400
Compr.= Mean SUIESS oG Njmm? Tenston-Mean  Stress +0h  N/mmZ

Fig 3712 HaghDragram
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Stress Awplitude R/mm?

109 ey

Protadliity of Survival #$ o 50 %
400, N Reference Section s net
t¢~> . Type of load ol
2 SO Test Temperature . w
¥ Scource  WST.M
9‘*“ } \ « m.smnm
B : %
" AR :
& \
sl vo, E=0 1|
£
n & 2
4 L1 N e Segmm
o £ h: h D o o raehloes
%% - o T Rt
Y
N £ x&&.«s k”a
] 14
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M : 2N
Sl N,
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Fy3216 HaghDagram
Material: A357-T6/dnvestment Casting
Concentraten Factor K =26
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Thickness: 3 mm, machined
Frequency: 20 HZ
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Stress Amplitude N/ma?
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Prodadility of Survival PS » %0 %
‘ zs Reterence Section . net
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Fig3220 HaighDiagram

Matenat: A357-T6/lnvestment Casting
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Fig3223 HaghDiagram
Matenal: A357-76/Conv, Sand Castng
Concentraton Factor: K, = 10
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Fatigue Properties Report acc. to 2) (Cercast Report)
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Fatigue Properties Report acc. to 3) (AlcoasReport)
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Specimen: Cut from designated areas
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Fatigue Properties Report (acc. to 5) (Nosthrop Report)
anurc 3252 compares (hc fanguc l.fc of a.lloy A201T7 oi

Tentatve fatigue properties of Alloy A201 are indicated 1n
the constant-ife diagrams of Figures 3 2.54 (for smooth

pec and 3 2,55 (for notched specimens)

pp well
Fatigue Properties Report (acc. to 6)
(Report from LB Hallowell)

“The fatigue haut for A201 alloy is considered a hitde lower
than some of the other alloys.

The fatigue resistance however fs affected by factors such as
fucroporosity {microshrinkage or gas porosity) and this
indicates the mportance of controlled castng practices for
premium castings,

‘The fatgue resistance is also affected by the secondary
dendnte arm spacing or cooling rates and the larger
dendfite arm spacing with slower cooling rates reduces the
fe.

Work conducted indicates the end: bout is not
reached at 10° cydm 1n axial fatigue, either tension-tension
or tension-compression, cither with or without notches.

Additonal work has shown that the notched fangue
behaviour of A20] 1n cither the T6 or T7 cond

Figure 3 2.53 shows the spproximate fatigue limit of A20! to
be I4ks1 (9 Stkgumj atroom temperature and 1040 12kse (7
10 84 hgimm) at 400°F (204°C) The faugue hmit being
determined at 5 X 10% cycles
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CYCLES TO FAILURD

sinmilar to other alununjum alfoys such as 357 in the T6
condition

Fig 3253 S-N Fatgue curves for A201 reversed bending
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Fatigue Propettes Report (a¢¢. to 7) (Nosthrop-Report)
Influence of HIP (Hot lsostatic Pressng) on A201-
Investment Casung

INTRODUCTION
Most aluminiym sand castings for mrframe structural
pph : 3 Hills (i n 3 d moulds)
because chills are necessary to control soludification and
thereby obtain high properies, With composite sand
moulding the minmum as-cast thickness §s greater than
desired for many aircraft structural components. Thianer
sections and tighter dimensional tolerances are possible
wih the investment mould techmque; however, hugh
properties in large, complex components are difficult to
achicve because chulls cannot generally be used to control
solidification directionality and rates. Since hot isostatic
pressing (HIP) has been shown to improve the properties of
A20) aluminium sand castings, this IRAD cfe 1t ws
pesformed under the above referenced program e evaluate
the cffect of HIP onanvestment cast matenal, Compansons
are made o a sumular evaluation performed previousty for
sand cast platest

PROGRAMME

Cercast, Inc. supplied investment cast plates 1 four
thicknesses (Table 32.57). A sample was removed from
exchpt dh d10thy ditron(see footnote
2" Table 3 26%)and tengl performed onthe samples
10 qualify the material, Then Ralf of the plates of cxch
thickness wese HIP at 950F at 15 hsifor 3 hours (paramcters
sweoessful with sand cast matenad). Alt the plates were then
heat treated to the T7 condition Testing (Table 32.57) was
petformed on specimens  removed from the plates,
Metallography and fractopraphy were also performed,

RESULYS AND DISCUSSION
The fmy by HIP of

ar

matenal are

summanzed 1n Table 32 58 The properties of investment
and sand cast HIP matenal are compared in Table 3 2.59
the properties of HIP investment cast and (unHIP) sand cast
matenal are compared in Table 3 2.60. The compansons in
h bl based onalimuted number of tests, theref
onlytrend Scated withnog f 1
ugnificance, The results are presented and discussed 1n
more detail below.

Casting Parameters and Chemstry

Table 32.56 hists the mould temperatures and casting

temperature for the vanous plates. Cercast selected the
mould temp toassurea fol casting

The chemstty moets NAL1304% and MIL-A-21180
requirements (Table 3.2.56).

Tension

The results are presented fn Table 32,61, The mimmum
requiremtents of $3 ka1 yield strength, 60 kst vlimate
strength, and 3 percent clongation of NAT-1304 for high
stress areas (and the less stnngent requirements of MIL-A-
21180) were met except for the 1.5 in. thich plates for which
the ulamate strength for both HIPATT and T? matenal was
as much as 3 ki below the requirements and the elongation
ofone T7 speimen was 2 percent, A thickness of 1.5 1nas
not rep of mostapphcations, but ss necessary to
obtain valud fracture toughness values, This compares with
the rosults for sand cast plates for which the properties

ded the requi for alf thuck

HIP had hutle effect on the tensile propetties, increasing the
yicld and ulumate strength by about 1 bsiand increaning

average elongation by ore percent from 3.3 10 6.4 percent,
bt HIP had no cffect oa the minimum of maximum valugs.
This compares with the sand cast matenal for which
similarly HIP had hitde effeet on strength (no change), but
HIP increased the average clongation from 55 to 111
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percent, increased the minimum from 4 to {1 percent, and
increased the maximum from § to 12 percent,

Sharp-Notch Tension

The results are isted in Table 32 62 Secnons A and B HIP
n¢reased the sharp-notch tensilé strength (SNS) and notch
strength ratio (NSR) somewhat for both the 0.5 and 1.5 in.
thich plates and both SNS and NSR were shghtly hugher for
the 0.5-in. thick matcna!compared to lhal of: the 1.5:m. thick

Metallogeaphy
Micrographs of T7 and HIP+T7 samples (Figure 3267)
show that HIP was effective 1n elumnating microshnnkage
porosity Microgeaphs of tensile samples of T7 matenat are
shown mn Figure 3268, Ther¢ are very fow amounts of
undestrable mclusions (on nch needles, ttamum nch
wnclusions and undussolved copper-nch phase). Grain size
was deternuned for two samples meh from plam of cach
s (Table 3 2.63). The sampl dofthe

plates. The resul sand cat
matenal,

Fracture Toughness

Fracture toughness of 1.5 in, thich plates was the same for

the HIP+T7 and T7 matena), anaverage of 38siy/: m(T able

3262,3263). Thisisk

for sand cast HIP+T7 and T7 material (46 and 32 l\sx,/m‘
) All (racturc h valum were not vahd

per r E399, h

S/N Fatigue — Notched

‘The results for $/N fangue of HIP4T7 specamens witha K,
of 3 0are shown i Figure 3 2 64 along wath results for sand
cast HIPT7 and T7 Only HIP+T7 investment matenal
was tested as the results for T7 matenal were eapected tobe
sumfar, Overall lhc rcsults for lhc (hree conditions are
sunular, although lhad
sbghtly longer fatgue hfe, while at lower stresses the
investment cast material had shghl!y longcr {auguc lec.
There

the vanous thicknesses for theiavestment castmatenal,

Strain-Life Fatigue

Strain-hfe fatigue results for 0.5 1. thick plates for HIP+T7
and T7are plottedin Figure 3 2.65 with results for sand cast
HIPHT? material also shown, The HIP4T 7 tcast

from 130t0 210 um, while
the uend for larg:rgram sizefor the thicker plates and those
away from the ends, had average grain drameters of from
100 to 130 pm wath httle difference between the vanous
thicknesses.

Fractography
Alltensile and fatgue samples were examined optically and
several were exanuned 1 the scanning electron microscope
equipped with an encrgy dxspemvc analyzer, Many
had up to LS mm long,
ahhough typically 0 2 mm Jong. This was discussed in the
Stran-Life Fatigue section These inclusions are probably
aluminium oxide. There was porosity on most of the T7
fracture surfaces Porosity was seen on only one HIP+T7
fracture surface, howewver, the surface was bghtly oxidized
indicating that the porosity was surface connected and
therefore could not be closed by HIP (Figure 3 2.69).

SUMMARY AND CONCLUSIONS

‘The strength and ductlity requirements of NAE-1304° and
MIL-A-21180* were met by both HIPHT7 and T7 matenat
(except as noted for the 1.5 . thick matenat), HIP did not
improve the Juculity of the investment matenat as 1t did for
sand cast matcnal S/N !anguc (notched), fracture

material had better fatgue behaviour than that for the T7
1avestment matenal while the HIPHT? sand cast material
had better faugue behaviour than both investment cast
conditions.* Cychic stress-strain curves obtained from the
in-lfe fatigue testng din Figure 3 2.66.

Fatigue-Crack Growth Rate

The results for HIP+T7 investment cast and HIPFT7 sand
cast material showed specimen differences, but no
consistent differences among the various thicknesses, The
sand cast material had better fauguc-crack growth
behaviour than that of the investment material (results not
shown).

Two tests were performed for TZ mvestment marenal from
the 1.5 in. thica plateand the results were the same as for the
1.5 in, thick P (IP+TT material (results not shown),

ey M result (as shown by the curve n Figure 3 245)for the
T2 ipvestonent material bs Jowsred by ooc test result witha bife of
109 cycles at a stran ampbtude of 0.005. This speamen was

evaluated and compared 1o othet fabgue sampks to determune if
thus result should be considered representative of the investawent
matenal It was found that the fabgue crach muated 3t an
mduswn. lmmr. the fatigue crack 1 one HIPHTS specimen
iniuated 3 samalar enclusion without substanvally lowenng

the lungw Le (ZJJ 129 cycles a1 a stran amphitudo of 0002)
Thereforethe low resultfor the TTsateral was taken tobeavalid

result,
bowever,th Tnsufficent
wusmolmeeﬂmsdunuywolmﬂumonwm
HIPHT? faugue results.

he bfe

s

reported
HIP; improved the strain-lfe fou guc behaviour

The properties of the vestment ¢ast matenal were
generally shghtly below those for the sand cast materal
From this imited companson, no conclusion can be drawn
s to whether this refiects differences between the sand and
investment processes or other vanables such as minos
diff 1n chenucal p or heat

These same differences may explun the differences 1n
response to the HIR It should be noted that sand casting
permits the use of chilts which should allow more control of
the properties.

This data does potsuggest thatinvestment ¢ast A201 should
not continue to be considered for components which are
capable of being produced by this process. HIP should be
consxdcm! for applications that require lmprowd crack

vever, add: tion would
be required to confirm this improvement.

FATIGUE DATA
FOR THZ ALLOY TI-6AL-4Y

Fatigue Properties Report (acc, to 8) (MBB-Report)

A great number of publications descnbed the fatigue
properties on Ti-6A1-4V alloy and the positive influence of
the HIP-process. The collected figures shown in this section
have different sources, so that the resl onginis noaunatedin
the appendix “Sources for Section 3.2.3" (see source 8).
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Table 3256

A201 Investment cast plates from Cercast

A Material Supphed

Quantity Size (inches) Melt Number Mould Temperature®
2plates 0125%3X12 5960 HOOF

2plates 025 X3%12 5960 1000F

dphates 05 x4%12 5960 YOOF

2 plates 5.5 X4x10 6016 250F

B Melt Compovnons.

Weight Percent

MeltNo. Cu Ag Ma Mg T B S Fe Zn Ct Ni
5960 468 050 0.308 0268 0217 0013 0034 0026 0008 0003 0003
6016 474 039 0304 0237 0249 0016 0043 0031 0008 0002 0006
NAL 30~ 04w 020= 015~ 015- b <005 <010 b b b
1303 50 1.00 Q40 035 035

* Casung temperature was E365F, and no chilh were used

*othet clements 0103 max cach, § 10 max total

Table 3257
‘ Testmatrx for A201 nvestment cast plates
Number of speamens
Conditrion T? HIP+T?
TEST THICKNESS (1n) 013 025 0.5 15 013 028 08 15
Tenwon 6 6 § 6 3 3 4 3
Sharp-Notch Tenwon - - 2 2 - - 2 2
Feacture Toughness - - - 2 - - 2 2
$/N Fangue-Notched - - - - 3 3 4 4
Stram-Lafe Faugue - - n - - - 10 -
Cyclic Stress Stran - - 2 - - - 2 -
Fatigue-Crack Growth - - - 2 1 1 1 2
Table 3258
mp by HiP ot cast A201-T7
0 13-0.5 inch thick exceptas noted
Peopeaty Improvement by HIP
Minimem? Average
Tenwon
Ultimate Strength 2 (3%) ncrease Lk (2%) increase
Yicld Strength Nochange ¥ ka1 (2%) increase
Elongauon Nochange 1% (17%) increase
Sharp-Notch Tension (05 1n)
Strength 6ksi (7%)increase Sku(6%)increase
Notch Strength Ratia 0.07 ($%)increase 006 (3%) increave
Fracture Toughnens (18n) 03 kwyin (1%)increase 0.1 kayin (0%)sncrease
Stran-Life Fatigue Inufficient Data Life Doubled (1047%)
Fatigue Crack Growth Nochange Nochange
Microstructure Porosity Ebmaated Porouty Ehminated

*Comparison of fow st values obtained

PR
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Table 3258

Companson of HIP sand cast and HIF mvestment cast A201-¥7

Advantage of Sand over Investment®

Property Munimun® Aveage
Tension

Ultimate Strength 3k (5%) 308 (3%)

Yield Strength 3k (5%) * hat(5%)

Elongation 6% {150%) #10160%)
Sharp-Notch Teasion

Strength 7k (8%) 7k (8%)

NotchStrengthRano ~ ~007 (~1%) =0005 (0%)
Fracture Toughness S hayin (12%) 6 ka1 /0 (17%)
S/N Fatrgue-Notched Insufficzent Data Similar (see text)
Stran-Life Fatigue Insufficrent Data 30%Lafe
Fatgue Crack Growth  0~d0%slowerrate 20%)  40-~200% slower rate (120%)

2 Compansons are on the thicknesses tested up t0 0 $ inch = see text for detaled results
* Comparison of lower values obtained

Table 3260

Companson of HIP mvestment cast and (unHIP) sand cast A201-T7

Advantage of HIP Investment over (unHIP) Sand*
Property Mumum* Average
Tenswon
Ultimate Strength =1 ka1 (=2%) =2k (~3%)
Yield Strength =2ks1{=4%) =3 ks1(~6%)
Elongation 0%(0%) 2%(30%)
Sharp-Notch Tension
Strength 1 ka1 (3%} 208 (2%)
Notch Strength Ratio 012(9%) =011 (8%)
Fracture Toughness Sk in(15%) $hayin(16%)
§/NFatigue-Notched Insufficient Data Similar (see text)
Fatgue Crack Growth Twiceas fastat Similar
low &K (=100%)

*Compansons are on the thicknesses tested up to 0.8 inch = see text for detarled resulin
* Companson of lower values obtained

4




Tabie 32 61
Tension test results for A201-77 investment cast plates
A Coupons exaved from 0,3 3 thack plates
s AVERAGE®
Ys Y$ VTS
Congtwe” 1D (k) (ks Yoo (k) (ksh) o
HIP4TY  3HIT 8 66 7
T2 37 65 7
IHIT-3 $7 8¢ 8
3HIT-4 $6 65 9 57 65 8
17 AN % &8 6
AT 86 65 6
AT %6 68 8
AT % 68 9 % 65 7
SAIT-AY 55 63 8
JATBY S8 62 8
B Coupons exenned from 0 25 . thack plates
AVERAGE*
Ys UIs Y$S UTS
Codoodt B 0 G Gty ¥
HIP4T?  6HIT-1 9 6 7
SHIT-3 59 66 7
6HIT3 9 63 ¢
SHIT4 49 63 & 9 6% 6
7 6AIT 1 59 6% &
6AIT-2 S8 68§
GALT-Y % 62 3
6AMT 4 W 82 3 AR )
GAITAY <% &8 9
AT B ¢ 64 8
€ Coupons excived from 0 $ 1. ek plates
AVERAGE®
" Y$ urs Ys UIS
Conduwe® 1D ) (k) %c Ay () e
HIPHT?  BIT2 %9 68 6
NHIFY %9 67 8
L2 S &8 7
RT3 8 &8 6 9 s 7
A BAIT-2 @ 63 ¢
DAITY 8 6§
BAT-2 53 65 6
PAT-E S8 68 4 w68 8
IAITIAN S 6% 6
PATEB 9 65 >
BAITIC 60 67 OSG
IAGTEDN S9 86 6
0 Couports exaned from 0,13 m, gk plates
Y§ UTS AVER/\S%
Y$
Condoor 10 o0 0w da dw ¥
HIP4YY  WHY:) % &% 8
NHE2 85 &3 ONG
BHT-Y ¢ 89 8
WHT ALY S Y 8 A2 &
T RAT-1 8 0 -
18AT2 4 &0 S
REVN O BEEL RS A |
T4 oty & o s
JAITI B 48 S8 2
IAITI B SS 6 4
*HIP = SOF a8 180w for Y s
T2 $LOF/E e + S60F/ | e + S0F/ 15 Ve atet quemon
+ 30F/SN
& Soeme bon (k - Juery heal rsand &
S were Mot wd 10 CompUR KA avenagen, so that dredt
compansons e b mads Ietwoes HIPHT? and T2
* O3G = Frcweod autak gop Rongh,
« .
.

[Nt
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Table 3262
Fracture toughness and sharp-notch tension results
for A201 investment cast plates

A.SHARP-NOTCH TENSION

Coupons excised from 0.51n thick plates
0.5 3n nominal diameter specimens per ASTM E602

SNS*
Condition® D 1) NSR®
HIPFT7 TN13H-1 87 149
TNI3H-2 87 148
kY TN13A-1 81 13t
TNI3A-2 83 144

B FRACTURE TOUGHNESS AND SHARP-NOTCH TENSION

¥,

3 igh P dfrom 1.5 in thick plates with notched
tensile specimens excised from tested fracture toughness specimens
Sharp-
Fracture Toughness Notched
Tension
Ky Kof 1SNS* ope
Condinon 1D Bgn) R (hsizn) (kstin) | (kst) NSR

HIPT? 38HFT-1 | 1469 101 405 388 79 142
‘ 38HFT-2 | 1468 093 383 375 3 14

T7 38AFT-1 | 1469 107 407 392 73138
38AFT-2 | 1469 101 388 372 74 141

* BIP — 950F at 15 ka1 for 3 hours
T7 — 950F/1 hs +960F/1 hr + 980F/15 hr/Wates quench + 370F/5 hr

*SNS - Sharp notch strength, NSR = Sharp-notch strength (SNS) to yield
strength ratio

< Results not valid Ky because eracks were too Jong (a/w between 0 587 and
06201n)and asymmetry of crack fronts

Table 3263
Gran size measurements for investment cast plates
Gramn Size, pm

Plate Endof Centerof

Thickness, In Plate Plate
013 100 100
025 160 130
05 130 1o
15 210 130
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Fatigue Properuies Report (acc. t0 9) (Joumal report)

Fatigue properties can be significantly improved by heat
treatment, This is lustrated by Figure 3.2 82, which shows
the improvement in smooth fatigue hfe versus

8t

However. there are many non-fatigue critical apphications
for titanium components for which castings provide a Jow-
cost akernauve. n 1 the purposc o{ the present work to

cyche stress of beta brat treated and anncaled cast Ti-6Al
4V alloy compamd to the same dloy in the as-cast +
Hip-Condition.

Fatigue Properties Report (ace. to 10)

Effectof Processing on Fatigue Life of Ti-6AL-4V Casungs
‘The recent surge of intefest in ttanium alloys by both the.
Acrospace and the Energy’ mdusmcs eoupled with 2
recenl 1d

innetshape tech ologies™* Alﬂwughnmhape

hnologies can 10 cost saving,
mamum produc:s ae xnhcxcmly cxpenslve‘ and a process
Puse with relativelylow

cost, suchas casting,is Tughly desirable Metal casting ps the
mast ancient net-shape technology which, 1n spite of bcmg
5000}‘&!30“.1&3““ very eff space

such as nickel, aluminium and titanium base alloys. When
properties of cast titanwm alloys are measured against
wrought material, the biggest deficsency is in the high cycle
fatigue strength® % 1 The lower fatigue strength is the result

proving the fatigue life of
casnngs allowxng use in componcms S with morc stangent
h | property reqq Th ch used was

to heat treat both straight castings and HIPd castings to
different microstructural conditions. Generally, the cast
structure of alpha/beta titanium alloys consists of a coarse
transformed beta structure 1t typscally exhubits large beta
grains separated by gram boundary alpha phasc and
colonies of simularly aligned and crystallographicalty~
oriented alpha plates within the beta grains’, The
microstructure is known to producc cadly fatigue crack
mmanon' ® by a mechamsm of lnlense shear band
across the ook 71, itwas the goal
of this work to modify the microstructure of cast and
cast+HIP matenal so that the propensity to produce the
<ross-colony shear would be reduoed An ancmpt was alw
made tobreaboup th
the prior beta gram boundary alpha phase snce prcnous
works® 1 showed that these can also be locations for carly
crackimtiation

of casting defects and the by cast both
of which contnbute to early faugue crack atiation®, This
problem can be partally corrected by Hot Isostancally
Pressing (HIP) which closes the casting pores. Experience
has shown that even after HIPing, the fatigue strength of
castngs is fowez than that of wrought products®,

The mi are shownn Figure 3283 atof The
obyective of both heat treatment B and C was tobreak upthe
large colony structure by significantly reducing the amount
of alpha present at the solutoning temperatures, 960°C
(1760°F) and 1005°C (1840°F) followed by water quench to
prevent further alpha colony formation.

CAST ¢ HiP Ti-4AL-4V 1o
HIP'D AT 900°G(1850 F)/
200} A 108 MPA (18 KSI)/4 WA,
SMOOTH AXIAL FATIGUE - 120
000 R0.1, 5 W2
s O ROOM TEMPERATURE
= 700~ [o} Kt.1‘° b 100
g
5 so0-
5 4 "3
2 500+ 2
5 -
= 400 *°
b
= aoo4 Q €ABT e 10« 1020°CL1888 1) 20 U WO TS
SRICUININ F) 24 WA AC
3°°W A carteme
L 20
100~
10° 100 108 "0 10"
CYCLES TO FAILURE, Ny
Influence of Heat Treatment on Fatigue
properties of Ti~6A1-4Y
Fig32.82




82

EXPERIMENTAL PROCEDURES AND RESULTS

Material

The castings used in this work were divided 1nto two main
groups: those which were cast and those which were HIPd
after casmg, Al micro-structural modifications and tests

ly on these two group
The cheriical analysis of the castings was as follows (Wt
Pety
AtV Fe C N, 0, N,
Cast 62 40 15 .03 032 227 0028

Cast#HIP 63 40 13 02 032 242 0031

Due to the high oxygen level, the beta transus temperature
was evtimated tobeat 1010°C(1850°F).

The Cast and Cast+HIP matenal wer¢ tested i threc

condiuonsy

A. Asreceived

B. 960°C (1760'Fy: he/WQ # 760°C (1400°F)/4 hrs/
AC~ Condition 1
1005°C (1840’}-‘(/1 he/WQ + 760°C (1400°F Y4 brs/
AC~- Condition C3

Testing

From the Cast and Cast+HIP bans, eylindneal tensile/
fatigue sp were d. Gauge area d

were Smm (.2 inches) diameter X 50mm (2 inches) length
and the total ‘specimen Jength was 7Smm (3 mches) with
12.5mm (.S inches) thread diameter Those specimens were
used both for tensile and faugue testing.

Tenstl med {nstron hir

withthe
crosshead speed o! 005 n/mun. The teastle test results
are shown in Table 3 2.84,

Fatigue tests were performed on an MTS Servohydraulic
“Test Machine, Tnangular waveform cyclic Joad was used at
SHzwthR = 0 1 (R = punimum load/maximumfoad)

The fatigue S-N curves for all s1x test cond:tions are shown
in Figures 32 85 through 3 2.90. These curves show all the
ndwvidual data points as well as the boundanes of the
scatterband, Figure 3291 shows the summary plot of
average fatigue curves for all six conditions.

: mmoos°c (mo°r)
CasteR1P+20059C {184

Hicrostructyres of Cinditions Used in This Work:
3) Aselas
b} Caste o
<} Casteds0 C (3760
d) CasteHlP+!

¢

1

l760§;) Solutfon Treatment
ogoluuon Treatrent

Tution Treatrent

F) Solution Treatment

Fig.3283
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Table 3284
Tensile Test Results of Matenal Used in thes Work
- Number
- Ys UTS. El RA .Of
Speauméns
MN/m!  (Ks) MN/m'  (Ks) Pt P, Tested
As-Cast 895 (130) 1000 (185) 8 16 2
Cast4#HIP 890 (129) 395 (136) 5 16 2
Cast960°C (1760°F) 990 ; (144) 1025 (149) 4 8 3
Cast#HIPH960°C (1760°F) 1020 (148 1040 a5y 4 13 2
Cast#1005°C (1840°F) 935" (136) 970 (14 1 o 2
Cast+HIPH1005'C(1840F) 725 (105) 880  (128) 1 s 2

Discussion

As expected from previous work, the Cast+HIP alloy
exhibated better fatigue hives than the Cast material™ b, The
fanguelimit (5 X 10°) for As-Castmatenal was 275 MN/m?
(40 Kst), while that for the Cast+HIP was 415 MN/m? (60

Ksi).

The heat treatment work was successful an reducing the
amount of primary alpha plates of the ongmal Cast or
Cast+HIP cclony structure (Figure 3.2 83) with i increating

solution However, by the
fatigue curves and cspenally the summary curve of the
average f: h f As-Cast

matenathas an improved fatigue hife beenattained.

‘The Cast C3 condition with the smallest amount of primary
alpha, has the best average high cycle fatigue hfe, with a
curve very close to the Cast+HIP condition, At the same
time, condstion No.t shows better average fatigue hfe inthe

low cycle region (below 10° cycles), with average values
approachng those of the Castt HIP the two heat treatments
lowered the average fatigue hives,

Based o previous works on fatiguc crach initiation in Cast®
and Cast#HIP® Ti-6Al-4V, 1t 1s known that the prior grain
boundary alpha is onc of the major contnbutors to carly
favgue crack mutiaton®,” It 15 cvident from the
microstructures shownn Figure 3 2.83 that gran boundary
alpha plates sull exist 1 the nucrostructure even in the
1005°C solutionetreated matenal Future work will be
directed toward ehminating these mucrostructural features
through a beta solution treatment.
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Fatigue Propemrs Report (ace. t0 10) (Howmet Report)
Fangue Properties are of increasing mtcml as cast fitanum
fied 1n many f; Figures
3 292 through 3294 show hxgh oycle faugue propertics as
mﬂucnced by HIP, stress ratio and test temperature. Low
¥ Its (Figure 3 295) alsosh benefits of
HIP. Note 1n this figure the dramatic reduction of scattet in
the test results from HIP'd matenat

Reports of decreased l'angue s!rmglh annbuted lo HIP
usually result

been HIP or exposed to xh:rma.l cyclmg to simulate the
HIP cycle. These specimens are comprised of less coarse
microstructure than matenal which has been HIP' and
could exhibit greater fatigue endurance because of the
mucrostructural difference. However, test programs which
evaluate porouty-conmmng nory +HIP samplcs and fully
dense HIP ) ity
and reduction in seatter of data for the HIP- -process:d
material{Figure 3 2.96 through 3.2,101).

* EFFECT OF KIP ON 70* F HCF PROPERTIES OF ANNEALED CAST THSAIY
100 -
% {- - .
A —— HIP ED AY 1650°F/15 KSI/2H - 600
2 . O = = NOHIP
X 80 il et
& YO s\.: . k
£l i T - - f 500
7] b S i
g 5\?\-'9\‘ M-
60 |~ STRESS CONTROLLED S
AXIALLOADED ~d .
R =01 o Ti~~L1
%0 i~ F = 60Hz
Ki=10 0
I T
10 106 1
CYCLES TO FAILURE
Fg3292
x Y

.

o~




EFFECT OF STRESS PROFILE ON HCF PROPERTIES OF HIP'ED AND ANNEALED CAST TH6AR4Y
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EFFECT OF TEMPERATURE ON THE HCF PROPERTIES OF HIP'ED AND ANNEALED CAST Ti-6Ak-4V
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EFFECT OF HiP ON 709F LCF PROPERTIES OF ANNEALED CAST THoAH4V
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STATISTICAL ANALYSIS OF FATIGUE DATA.

0 Ordler 10 prepare & probatuity analyss from a 3¢t of fatigue data, the
dstas 10 2ach indmdual result 20 an “equivaient stress at 107 cycies”, The hinsar Jeast
2quares 12 through all data ponts in & st of fatgue data is Setermuned, This sIope 1s mantained constant, and used 1o extrapolate
sach indmdua) dath point 10 107 cycles Traating each data powit » this manner develops a st of values for stress at 107 cyctes

P Y shownin Figure
20 .
LINEAR REGRESSION ANALYSIS
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TUOF HCF STRENGTH DISTAIBUTION OF ANNEALED CAST THIAI4Y.

Thus figure shows both an improvement sin endurance kmat at 107 Cycles and & snificantincrasse

High Cycle Fatigue Properties of Titanium Alloy

CYCLES TO FAILURE

Before and After HIP,

(k= 20)vatues for HIP od matenal.
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Fatigue Properties Report acc. to 12)
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Figure 3270:

PMerrien: *Compression hsostatique a chand des
ploces conlecs enallinges de uitane™

Matenaun et techniques Nov~Dez, 1977

Figure32.71:

J.C.Bittence: "HIP, the great healer of castngs™
JoumalMatenals, Eng. Okt. 1978

Figure 32.72:

GM Glenn: "Improved propertics in castings by hot
isost pressing™

Sampe Quartesly, Okt, 1976
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Sources for Section 3.2.3 Figure3273.
Report No, The mech and gl of hot
1 WST-M-Programm, MBB, Germany ~1982 |\oslanmllyp'rcswd Ti-6AL4V Cast Alloy
S.Rewew, AP 1215 Britsh Aerospace, Report Ne MDR 0331-1980
2. CercastReport, QETE E002484 (Q9=7) = 1984 Figuré 32,74,
Annex A" RH Colley: Engineer's guide to Titanium Castings
3. Alooa Product Manual . “Technical Report Titech Comp. — 1984
Premium Castings Division of Aluminium = 1972 Figure 3 2.75 and Figure 3 2.76¢
Company of America, Corona, Cahforma ,,* R M Nagen® “Compendium of cast properues of Tre
Al-4V
4. Apendixof Notthrop-Letter 3872-84-124 = 1984 s
Dragram of Faigue Life Cyeles of A357:T6 Alloy Techn. Report, May 1975
5. Apendixof Nothrop-Letter 3872-84-124 = 1984 Figure 32.77: La Fondene sony vide du Titane et de
Dx ife Cyclesdt A2017 ses Allinges
6 P aﬁram o F:ugue Lite (2:11:; :\:)\2!01 7 Alloy Report Messier Fondery, JArndy, France, Okt 1977
. Prelimanary Propertics of Alloy KO-
LB Hallowd], submitted by St.Kenners e 1983 Frgure 32.78 and Figure 3 2.79;
knecht, Cercast WGCI}{\a.rI:;er; 'Dl{) Anwendung von TitanguBteilen rm
MRCATricbwer
7. Northrop Corporation Report 3872:52-111 = 1982 RB 199 Z., Werkstofftechnik 11, 197%
8. WSTM-Prograrmm, MBB, Germany - 1985 Frgure 3280 and Figure 3 28k

Acrospace structural handbook
T-6A1-3V cast, March 1970

Journal of Metals, Vol, 35, No. 2, Febr. 1983 — 1983

Eficct of processing on faugue Life of T-6Al4V

Castings

EGTafke, Tiline Inc., Albany, Qregon

N HMarshall, Tile Inc., Albany, Oregon

D Eylon, Metcut-Matenals Research Group,
W-PAFB, Ohio, 45433

FH Froes, Structural Metals Branch
Materials Lab, AFWAL, WPAFB, Ohio 45433




11.  Howmet Corporation, Technical Bulletr, TB1660

12 R.Widner: “Densification of castngs by hot isostatic
pressing”, Report

3.2.4 CrackP
See chapter 6.

and Fracture Tough ¢

3.3 EYEBOLTJOINTS

Since many castings have concentrated Joad introductions
formed as “eye bolt joints™, it is necessary to know how the
efficiency factors (for the lug stress calculation) look with
regard to advanced castmg alloys.

S ¢ % “Devel inthe
Ana!yws of Lugs and Shear Puns”, published by Product
g—] 1983. d: to this only the factor

a I

Kt(for

All other factors?
Kbr = for shear-

-Ktru = for transverse load (ultimate)

Ktry = for transverse load (icldj

depend on the lug's geometry suchas:
o thickness

e width

® outer radu

o boltdrameter
et

£ m¥<cino data about the eff

y factor “Kt®with
wsped to the advanced casung alloys, this handbook can
gave only the value for the casting alloy A356 T6 (Fig 33 1)
for the first lug defimtion A test s neccssary to detenmine

) acp ;4

P

°l° 19 20 23 M0 35 40 43

LEGEND, L, T, and Nindicate gran in dwecton Fin sketch
1 = Yongtudnal
T =Jong ransverse
N = short transverse (normal)

30

CURVE 1!
4130 and S630 steel
14876 and 755 T6 plate <05 (L. T}
75576 bar and extrusion (L)
14576 hand forged bllet <144 squn, (L)
148-T6 and 76576 de forgngs (L)

CURVE 2
14576 and 75576 plate > 0 5in, <t
755-T6 extrusion (T, N)
75576 hand forged baet <36 squ. (L)
145-T6 hand forged billet > 144 squn. (L)
145-T6 hand forged bilet <36 sqin (1)
345-T6 and 75S-T6 dwe forgings (T)

CURVE 3,
24576 plate (L. T)
24574 and 248 T42 extrusion (L, T, N)

CURVE 4
24ST4 plate (L, T)
24573 plate (L, T}
14576 and 75876 plate > tin (L. T)
245Tabar (L. Ty
758416 hand forged biet > 36 squn. (1)
75576 hand forged bllet <16 sqia. (T)

CURVE §:
19576, 22074, and 35676 aluminum casting
75576 hand forged biiet > 16 sqin. (T)
14576 hand forged biiet > 36 sqin. (T)

CURVE 6°
Awrnunum aloy plate, bar, hand forged bisiet, and die
forgng (N). Note: for de forging, N dvection exists
only at partng plane.
75576 bar (T)

CLRVE7.
18-8 stanless steel, annealed

CURVE 8
13-8 stanless steel, it hard Note. for 1/4, 172 and
3/4 hard, interpolate between curves 7 and 8.

Fig331 Values of tensin efficiency factors of lugs
fabricated from typcat steel and akumimnwm afoy materials

p d by odferent
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Fig341 Falure modes of nveted jomts under Stabc
Yozding, ket shear faure of the rvet shank; mxddle. tensle”
fadure of the component matenal; nght: hole wall fadurs of

distortion i the component matenal

Bruchliche . . fracture surface

34 RIVETEDJOI\TS
if p made of aluminium casting alloys
b di f itis Y, among
other things, that they should be jomned together by
fasteners. A pre-req for this is that the
stanc and faugue strengths of such jyomts should be
funed using riveted testp and compared against

fasteners for static and fatgue loading are given in Figure
343and Table 34 4.

Th {th p heloadmg cycle, and
the evaluation of the results obtained are descnbed 1n the
MlL-Sl’D-1312 spec:ﬁcauom In these tests the
of the nveted jonts were

those charactenstics of nveted wroughl alummem all(vys.
has been

determined in addition to the breaking load. According to

Siuce up to now no
conceming nvéted Joints in alumnium casting alloys, the
static and dynamic strength of such jou *s were determined
as part of ‘he programme on Low-cost Swucture
Technologies — Metallic Matenals'. An account will now be
gnenof the results obtained,

341 Statc Strength of Rueted Joints in Aluminium
Casting Alloys
‘The steength of a nveted jount depends largely on the

lhe pecifi n force, any- nveted, jount that had

plastic def of 4% (referred
w0 the nvct dzamc(cr) was conudered as no longer
foncuonal To determme thy critical deformation, the
deformation taking place-dunng the loading must be
measured and the type of distortion refevant to the
dimensionsin question picked out

Results
Toble 345 summarizes the results of the stanc tests.

strength of th p raterial (breaki

beanng strength), the type of nvet, its make, the shape of (hc
nvethead, and the rivet material, In static loading, nvets fail
for three principal reasons (Fig.34.1)

» Shear faiture of the rivet shank

o Tensile failure of the component matenal

 Eilure oz distortion of the hole walls.

Tod b hofnveted in tests,
secwml ovellap Joints ot the type shownmn Fig.3.4 2 were
prepared and foaded to falure according to predetermined
load/time relationship, Examples of the varous nvet

manly by sheanng of the rivet shank In those mveted using
Monel and ttanium solid nvets, the most common cause of
the falure was hole wall sphtting, because of the higher
shear streagth of the nivets Joints formed with bund nvets
and specral fasteners (screw rivets) showed hole wali farlure,
ora combination of this with tensile falure.

Toactueve a companson of the strengths of niveted jounts 1
the aluminium casting oy A357T6 agamst those of
wrought alloys, the results obtained were compared with
those of the aircraft andustry design caleulaton for the
wrought alloys 3136303 02473 alumunm.

pper alloy). Th isonrevealedthatthe
values d d for almost alt the testpieces

Fastener Tet Totalnoof
testpicees

Aluminium solid nvet/countersunk
brad e 20
Abrunium-sold nvet/unuversalhead  tensle 20
Monel sotid nvcl/cwm:xsunk head  tess 20

k head 20
Huck-bhnd rivet/countersunk head 16
B Cherrylock-bhind nvet/countensunk bead 16
Hi-Lok-specia fastener/countersunk hiead 12

Lockbolt-special fastener/countersunk head 12

Fig342 Testpece and test for determuwng the state
strength of iveted joints

wereas hlgh as,or higher than those relevant to the wreught
alloys, In yoints with blind nvets ot special fasteners (rivat
bolts), the values determined were lower than for the
wroughtalloys. The reasonfot theless favourable behaviout
of younts formed with blind or special nvets may be thatsuch
fasteners, made of steel of titanium, endow the testpieces
with essennally higher ngdity than in the case of joints
formed using sotid nvets made of softer materials

Dunng static tensile stressing, extremely high addnuoml
bending stresses y bending) are d in
sectional nveted jonts of ths type. With solid-nvet yoants,
the softer nvet material allows a degree of plastic
deformation, and this reduces the amount of sccondary
bending With more ngid nivets of stoel of titanum alloys
this reduction cannot take place, and fracture of the




Fig 3a Aluminium alloy sobd sivet with countersunk head
according to LN 9199; 1 seating head, 2 closing head, 3
shank,

Fig3b: Alemuniun alloy sobd rivet with universal head
according fo LN 919871 scatng head; 2 closing head, 3
shack,

Fig:3c: Monel solid rivet with countersunk head according
10 LN 9179; 1 scating head, 2 closing head, 3 shank.

Fig:3d. Pure titanium sobd rivet wath countersunk head
according to NSA 5410; 1 seating bead, 2 closing head, 3
tapered shank, 4 ytindncal shank,

Fig3e: Alloy stect blnd rivet with countersunh head (1
Huck type B 100-T according to MS 90353); | retauming
ring, 2 break pownt, 3 nvet sleeve, 4 shank.

Fig3{ Aluninfum and steel ally Blind rivet with
countersu X head (Bulbed-Cherrylock type CR 2248
according to NAS A39 B: 1 fixing ning, 2 brezk point, 3
sleeve, 4 closing collet, 5 shank.

Fig 3¢ Titanium alloy screw nvet with countersunk head
and aluminfum alloy closing nag (Hi-Lock 2ccording to
Prod. Speafication M340); 1 shank, 2 closing collet, 3
hexagonal recess, 4 break point.

Fig. 3h. Titanium alloy screw sivet with universal head and
alumimum alloy closing collet (Hi-Lok type according to
Prod. Speaficauon M342); 1 shank, 2 closing collet, 3
hexagonal recess, 4 break point,

Fig 3i: Special alloy steel fastener with countersunk head
and aluminfum alloy closing collet (Lockbolt type
accordung to NAS 1436<38), 1 shank, 2 breah pont, 3
closing collet,

Fig.3j: Alloy steel s¢rew rivet wath umversat hiead and alloy
steel closng ocolket (Taper-LOK type according to
manufacturer’s spec.), 1 tapered shank, 2 washer, 3<losing
collet,
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Figs 3a to j:vanous sohd, blind, and specsal rivet fastencrs
for static and fatigue testing.

Fig34.3
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fracture strength of 1 5 deformation value
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Table 3.45 contnued
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testprece ensucs. How great the influence of the plastic  both by theoretical calculation and by fatigue
behaviour of the rivet ¢an be, fs shown by by tomparing the  testinvestigations. Totest the infl fihe nivet typeand

Huch type of blind rivet (rivet sleeve and rivet shank bothof
altoy steel) with the Bulbed Cherryloch. type (aluminium
alloy nvet sleeve, steel shank). Because of the aluminum
sleeve.the latter behaves as asofter nivet than the steet Huch
tivet, and the test results are more favourable with Bulbed-
Chemylock than with Huek rivets.

A fusther reason for this unfavourable behaviout i nn hole
walland ture ranges i$ that the casting alloy A357«
T6 used in this case has a tenside and hole wall bcanng
strength about 15% lower than that of the atuminium
wroughtalloy chosen for the comparison,

342 Fatigue Behavious of Riveted Joints in Aluminium
Casting Allys

Since the fatigue behavious of niveted jounts depends on
many factozs, all these influences have to be determired

the nvet head shape on the fatigue behaviour, the nveted
testpicoes detatled in Table 3.4 6 were prepared using the
castingalloy A357:T6,and tested to failure by pulsed tennite
stresaing in the fatigue range atastress rato of R = 0.1

‘The number of eyeles to fafure Jetermnedan the tests, and
the Wohleg dragrams preparcd from these data are shownin
Figs.34.9~34.14, In Fig 3.4.15 are shown the positions of
fracture, Figd48 shows the specimens used for test
described here. Examination of the results reveals that with
solid nvets the head shape has no significant effect on the
faugue behaviour, and this is truc of both types of testprece,
the one with Jower load transfer and lower sccondary
bending, and the onc in which both these factors are hugher
As in the case of wrought al!oys. lhc !aur.‘c resnuncc of
blind nvetyoints was shightly k

joints,

S
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- Tatk 346
Comparauve fatgue tests on riveled jonts
(Nominal ciameter 4 8 mm, one Stage tests)

Fastener Testpeee R Hole Totalno  Testpiece
material quaiity*)  oftest type
N pieces
Sohdrivet Alcasing 401 13 2 Tow foad
unnersathead  alloy transfer,
A367-T6 low secondary
solid fivet -0f 13 12 bending
countersunk
iuck blind rivet ~01 13 12
coustersunk
Solid rivet 0! 13 12 Highload
umversal head transfer.
Sokd givet =03 13 12 high secondary
countersunk bending
Huck blind rivet 01 I 8
countersunk

Table3.47
Comparatve fatigue tests on veted jonts
{Normanal diameter 6 4 mm, one stage tests)

*) Hole quality 11+ wide tolerance range, dnlled with two-phase dnlt, hole quality 13
wide tolerance range, drilled with pointed twist dnill

Fastener Testpiece R Hole Totalno.  Testpicce

material quality®)  oftest type
picces

Hrlokscrew  Alcasting 01 1} 10 fowload

rivetuniversal  alloy transfer,

head A367-T6 Tow secondaty

Hidok screw -0 7 10 bending

nivet,universal

head

Taper-loh 017 10

umversal head

*) Hole quality 7: narrow tolerance range, reamed, hole quality 11z wide tolerance

range, dalled with two-phase dnil,

-
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Casting Alloy A357-T6
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Serfes U: LBF-Specimen
Casting Alloy A357-T6
A1-So1id Rivet with CSK-Head, 4,8 8
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Series W: AGARD-Specimen
Casting Alloy A357-T6
A1-So1id Rivet with Universal Head, 4,8 @
Fgdan
300 -
Wo .
\vo
- -]
- L
*1 ©
LT O T
" foeizzt
10 '—l e sar M nun ww LR ) L]
lo oo 10,1
Series X: AGARD-Specimen
Casting Alloy A357-T6
Al-Solid Rivet with C5K-Head, 4,8 #
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Series Y: AGARD-Specimen
Casting Alloy A357-16
Huck-Blind Rivet with CSK-Head, 4,8 @
Fig3413
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Series V: LBF-Specimen
Casting Alloy A357-T6
Huck-Blind Rivet with CSK-Head, 4,8 @

Fig3414
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A companson of the two forms of testpreces (those wath
lower, and those with higher load transfer and secondary
bending) showed a very small difference in the fatugue
strength as compared wath sumilar testpreces made uwng
wrought alloys.

‘Thus, o direct companson aganst wrought alumimum
alloys was possible, because no data were avaslable for the
latter concerning the rivet diameters and testpicee
dimensions used in the present case. To achieve a
comparison between wrought and casting alloys as regards
the fatigue resistance of nveted joints, the tests camed out
carlicr with wrought aluminum alloys were repeated using
the casting alloy A357:76 (Table 3.47).

To a,ssemble lhc ca.sung alloy lcsxpucccs. the same fasteners
The manner of
\!nlhng the holcs was also choscn toallowa companson of
the fang: {the als, After carrying out
fatigue tests with one-stage loading, the following fastencr
types and stress Fatios were compared:

Hi-Lok Rivetbolt R 401

Hirbok Rivetbolt R ==0.1
Taperlok  RivetboltR=401

These campansons are portrayed in Figo 3.4 16—3 4 (8,
The {auguc resistance o! 1hc niveted yoints made with the

J,less good thanwith
the wroughl a!loy\. Ata numbcr of foad cyclcs between
about 4 « 10* 10 10%, the fatigue strength of both matenalsin
the nveted condition is comparable, and athigher load cycle
numbers the casung alloy A3S7T6 behaved more
favourably

CONCLUSIONS
L AN the manuf ; and I

3 &

y
fasteners developed
for use with wrought ‘aluminium alloys and tested to
date, arc abo suitable for forming Jounts with
alyminium casting alloys. Compared with joints 1n
wrought alloys, the tested otatic strengths of joints 1n
casting atloys are comparable in the case of solid nvets,
but Jower with joints formed using blind nvets or
specual fasteners,

2. The static and fangue tests camed outin the present
mad

"

clearly e
of alumiium casting alloys can lm!ccd be joined by
means of permanent fastencrs. The fatigue data aho
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showed a satisfactory comparison betwoen the
wroughtand the casung alloys.

production of aircraft struetures Alumnum +
SUPPLEMENT IN ENGUISH 57 (193 6. pp. £

3, Alummum casting alloys arc used not only in dircraft 134/E 139200 7%, pp. B 168/E 170
construction, but also in many other branches of 2. HoffaK
fndustry, particularly when aiming 10 reduce weight. Life of nvet joints 1n aircraft construction
Nowadays. the we of aluminwm fasusgs n ALUMINIUM + SUPPLEMENT IN ENGLISH 57
hipbuilding, and jn the of st and road (1981) 2.pp.E 12/ 15
vehidles is on the increase,
) 30 eachindwidual ecw Authort
3 Tndbende Afody s possleshouldE Courate 1y e Kalman Hoffer (1920).beadof the Abterlung Be-
. pagid iehsfesugheat (Prod Rescarch [ MBB-
as regards strength, conls serace hfe, reliability and that ¢
“islh;l‘;ll“ present such in{oxmaﬁo?‘i; not generally UT. Bremen, Germany.
available, suee in imvestigations of this type it has B -
Nitherto bee h‘; cust mggn to cxamine only those 3.4.3 WochkerDiagrams of Riveted THSAHY
parameters thathave a bearingon the strength, Iniroduction
" Fot fatigue dimensioning of parts speaal data are required
5. The resuls “ns’ et :‘m"kw valuc-analytical g i ave been determuned by fatigue tests. Wochler tests
investigaons indicate thatmodgm easting technlogy  pave been \camied out on double shear speaimens
offers the possiblty of using castings an AKCEN gy 410} with results gvenin thi pect
mn:‘l‘mcﬁon. which would require very hittle finishe ( 19), with results grvenin his report
machining. thus achicving considerablessvingsineost. 5P i
. The specimens EA43-5139, EL43-5130 and EA-3271 are
REFERENCES shown 1n Figure 3.4 20 to 3:422. They arc double sheat
1. MetrchD spcdmmshclmhngthrcelh-Locl\sinamw.'mcspcﬁmm

Basis solution for the cconomical lightweight

are 32 mm in width and 308 mm in length, The two outer

A
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buttstraps have a thickness of 2.5 mmand are made from T
6AI4V wrought material, The part in the middle has a
thuckness of 4 mm and is made from Ti 6A14V mvestment
casxmg mavena) 'Ihe Hi- bocks have a diametet of 6.4 mm

bled:the Hi 'ock;have

n H:

have been

been we( inserted, The sp
wth the followng featuresy:

€X43-513%° no shim,normai hole, clearance fit
ER43-5140. 05mm mln.normal hole, clearance fit

I

EN33-5271: 0.5 mmshim,exp d hole, cl

Aligmd shim EA934NA cured at R.T. has been used For
hole expanding the “spln sleew-mcxhod" (SSCE) hasbeen

4
wed. The degr 1g WS 29p

Test Procedure

%o

Thc static and dynamic tests have been carried out on the

Test Results

Al ViluS obtained arc tabled and shown as Wochler
diagrams 1n Figure 3423 to 3425, The evalvation was
done by non hncax regression caleulation The basis of the

was a k hmie normal 4
1 stresy direction. The posinon of fracture 15 shown
Figure 3426,
Hole Diameter

“The hole diameter and the respective Hi-Lock fastener
diameter have been measured at the first hole focauon. The
results shown below are the medwm values of two
measurements displaced by 90°

Influencé of the Shim

Figure 3 427 compares the rcsults of assembled specimens
with and withoutshums. The d i ble, except
for alarger scattet.

Influence of Expandmg

Figure3428 lts of th ded and non

3
Instron 1251 test quIp

The
have been foaded up to fracture, The speamms v&xc

cxpanded hom i can be said that the. fatigue bife 15

damped dgidly. The direction of load was

d by expanding the holes for Ti-

the specimens. investment camng.
N ** % N\
Hole 1
AN k% R\
N " ]
N * * R N\
! Drilled and | Rivet- t
Spectmen | e i fvet-Diameter H 51'5
No. 1D Cam) | d (nn) | tam)
I | |
5139-1 | 6.356 | 6.326 1 -0.028
~2 | 6.357 | 6.325 | -0.032
=3 | 6.35¢ | 6.330 ! «0.024
“ | 6.358 | 6.328 1 -0.030
-5 1 6.357 | 6.330 1 -0.027
5140~1 | 6.355 | 6.332 | =0.023
=2 | 6.35% | 6.332 I -0.021
~3 1 6,353 | 6.332 | -0.021
~4 | 6,353 | 6.330 | -0.023
~5 1  6.3%6 | 6.330 | -0.026
=6 | 6.356 | 6.325 1 =-0.029
~7 1 6.351 | 6.325 | -0.026
~3 | e.3s2 | 6,335 | =0.017
- | 6.352 | 6.329 | ~0.023
“10 1 €.353 | 6.336 1 -0.01Y
Specioen I Drilled and lgxpanged | Reamed  !Rivet-Dia. |  Fit
No | Reamed IE panded ! 1 1 d-D
* 1 (an) I (xm) | D tam) | d Cam) I (mn)
1 t 1 | [}
5274=1 |  5.740 | 5,930 | 6.356 | 6.327 |-0.029
-2 | 5.74% 1 5.928 | 6.354 | 6.336 [-0.045
=3 | 5.742 | s5.928 | 4.,3% | ¢.333 |-0.021
Fig34.19

et e Attt A
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T16A14V-Castin - Ti6Al4V-Hrought
Vi M [ .
| 15

PR1436 GA Steel

Specimen Ek43-5139
- wet Assembly PRi436 6
- Rivets: NSA 5075-8

Fig3420
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Ti6Al4V-Castin PR1436-CGA T16A14V-Hrought

jis

3
Liquid Shim 0,5 m
Thickness —%t:%g/

Specimen Ek43-5140
- Wet assembly PR1436 6
- Rivets: NSA 5075-8
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T16A14V-Castin

T

S S S

A,

PR1436-GA

Liquid Shim, 0,5 mm
Thickness

Specimen Ek43-5271
- Wet assembly PR1436 G
- Rivets: NSA 5075-8

Fig3422
; BT < e
Secimen  Thidm. Mdth tble  Aea  lod . es Ye
K. T B D Ix8 R 3%} S N
(mm) (mm) (mm) (mm?) (N) (O CVLD) -
SUO=1 397 40 155 102000 10200 3638 1 Statical
3-8 398 160 238 30000 5008 nee 1308 Fosition of Fractre
3139-2 403 3160 1230 40000 4000 WG 19833 {tion of Fractre
3138-3 403 330 1269 30000 3000 1063 49%S tion
-4 407 N0 82 26000 2600 913 2037 Posjtion of Fractue
3=3 401 N70 an o 23300 2330 332 ¥ mslumd Fracore
50(Pu = 50%) = 669 + 298 9/qllos/ 314 3933
5004 & " .
400
~ 300 -{% Hesster-Coupon
-
i
S
a2 e
L3
3
-4
-
I memanas PUw10X
Py = 50%
f 1007 e Py = 90X
£ g0 e Ry esx
A w0f reea. e20m
f R I
Section A-Qi-
$91  Uemeer wotso22
s0? ¢ AR LA P e ST 02 T T =TT Y TTY]
w0 * 10 10 10
Qcles X

Fig. 3.4.25

Specimen Ex43-5139
Investment Casting Ti6AldY
Rivet: Hi-tock, § 6,4 m

Fig3423
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M. Kin.. Stress
Specim. Thidn. .Width tble Aea Lload Load Ampl. COycles Text
No. T B D 8 o Y] S N
(mm) (mm) (mm) (mm') (N) ™)y (/mm’) -
SUO =1 397 3160 1255 102000 10200 3659 1 Statical
su0=2 “ 399 3130 1257 000 6000 2148 5804 Bruchl. 8
Sug-3 405 3150 3276 00 4000 us1 18357 Buchl. 8
Suo-4 408 3170 1293 25000 2500 0 14592 Bruchl,
SUO-5 403 3140 285 30000 3000 1087 »
SH0 =6 410 NEO 1296 13000 1500 s21 1IN D A
Su0-7 401 3150 126 3 900 3000 ne1 9560 Buchl. 8
SHo=8 407 3130 1262 27000 2700 96 47480 el
Sup~-9 399 NS0 1287 23000 2300 823 2307322 A
SHO=10 397 3140 1247 24000 2400 856 75 ml. E
Suo-6 410 3160 1296 35000 3500 216 43693 .
SH0-9 399 3130 12%7 37500 3750 2343 2821 .
A = Not broken, raised up to Po = 35000 N respectively 37500 N Bruchl. = Posftion
o= Not considered for the evaluation of Fractun

Stress Amplitude Sa (N/m®)

500

400

300

200

100 —— Pl 90X

So (Py = 50%) = 78.6 +286 9/,('09N/ 3.965) 3227

x 2 X

asesess PV ®10X
Py = $0%

Stat, Reliabflfty: 95 %
Freq " 20HZ
01

- RT
Cross Section
Membder W0£57020

Cycles K

Specimen EX43-5140

Investment Casting HGAIAV
Rivet; Hi-lock, § 6,4

Liquid Shim; 0,5 m Thlckness

o
- Messier-Coupon

Fip3.424
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Hax. i, Stress Oxcles
Secie.  Thidn. Mdth lble A
. T B D Txp W ld Mol N
(mm) (mm) (mm) (mm®) (N) (N (N/em")' -
suo-1 397 3160 1255 102000 10200 3659 Statical
$271=1 388 3160 1258 40000 4000 Ut 105478  Bruchl. B
32712 401 3150 1263 80000 8000 8.4 22912 .
$271-3 400 3170 1268 30000 3000 1065 3516503 O A
$271=-3 400 N7 1268 35000 33500 1242 1349709  Brudil.8
4 = Mot broken, raised up to Po = 35000 Bruch, = Position of
Fracture
500+ ¢ L X L
400
00
£
z
200
1 3 [
g .
R g it )
w1007 e P = 903 -
n 90 Stat. Reliability: 95 %
i-”. 804
2 7 )
60} Smgu ?&é‘ﬁ)@)
509 ¢ 1T T Ty =TTy T
10 ] 10 10 w0

Cycles N

Specimen EKA3-5271

Investment Casting TI6ALAY

Pearced Hole

Rivet: Hi-Lock, § 6,4 m
Liquid Shim, 0,5 sm Thickness

Figd4 25
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Position of Fracture *B"

Fig3426
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R © Spectmen Exd3-5139 ® Specimen Ex43-5140
. Iveste, Casting TIGAY  Ineste, Lasting TIGAY
g Hi-tock, # 6,4 m  Hilock, § 6,4 xa

0.5 m'thin

CLTTTS Py =X . ey ——— — ——d
it 4411
P ]
stat. Reldability: 95 % -
R
Tomp o, w it
Cross Sectfon
14 s ' o v
Cycles N

Influence of Shiming

Fg3427

O Specimen EX43-5271 @ Specinen EA3-S14O
Tvesta, Casting TIGAY  Imesta, Casting THGALY
Dporvied M0k § 6,4m Hi-tock, § 6,4 m

0,5 m Shin 0.5 m Shin

-
"
" "eur \\~——_-—--—.-
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tat, Relladility: 95 % -
I
» Tongm w RY

Cross Section
3 ¥ 7 7 Y

Cycles N
Influence of Pearcing
Figl42s
D .

B L 3 J




P Y

W

35 WELDREPAIR

In general a casting may not be welded without the
pernussion of the user ‘Fhat means also, that the maxmum
size, number and place of possible defests, which could be
reparred by welding, should be defined in 2 speaification.
Areas should be specified, where welding is not allowed and
the “free of defect™ status has to be fulfilled by the fourdry
for this zone.

Defecty in non-critical areas of the casting may be removed
g p s

EB = Electro Beam welding
TG = TurgstenInére-Gas welding

Mecharicul Propernes of Welded A201-Alloy
Values of welded specimen equualent with the base
material (wuhtheat treatment “T7" after welding).

Values 1t per cent from the base matenal (wwhout heat
treatment:

paired by welding dance with AMS
2694 using base matenal as filler material, Repair welding
shallbe perforned pror to any heat treatmentand finat non
destructive festing
Mechanicaf Properties of Welded A357-Alloy:
Values of welded speciment equivalent with the base
material (withheat treatment “F6™ after welding).

Values 30 per cent from the base matesial (withous heat
treatment

Mechan. Prop.
Welding Proc. Rp0 2/Rm AS
EB 75%
TG 60%

Fatigue Behaviour
A very mportant factss that a welded arca wall have some
fl on the fatigue Nife of the area, Consequently tests

Mechan, Prop. from welded areas wath respect to fatigue life should be
Welding Proc. Rp0.2/Rm AS conducted.
B 95% 30% ‘Thefollowng examples (Figs.3 § 1«3 5.3) will gve arough
o S5 % xdm.of the different behaviour of welded and unwelded
Anen ——
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S-N Fatique, Teledyne Casting A357 Alloy
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4, APPLICATIONS

41 INTRODUCTION

Oae of the major advantages of using castings in acrospace
structure s theat hugh degree of versauty They can be cast
in thicknesses from a l'cw millimetres lhxdmas to

lete aircraft sub including tail

bulkheads 2nd canopy frames. F’gurc 4111 shows an
expenmental tail section for the F-16. Itis one of theJargest
actospace casungs produced Although this particular

supphier of theinf for thatitem and not
the sole manufacturer, Many castings where the productien
run s expected to be large may have several foundry
sources. For example, castings for the Air Launched Cruise
Mussile section shown 1n Figure 419, have been produced
by Hitcheock Indi ALCOA, and Weldman Dynamucs.

4 LI Pylon Casting
Over 15,000 pylon castings have been flown in the past 25

casting was produced under a research and devel
programme and never reached production, it shows the
potental of casungs for wide spread low cost apphcationin
future systems

For years, the apphcation of castmgs in load carrying
aircrafthas beenl duseofa
castng factor.Figure 4 2 1 shows thefinst known apphcation
of & casting 1n a Joad entical aurcraft 2pplication without a
casng tac:or Such an application must be carefully
dving the use of stati denved design
allowables, me:allographxc quahly control, and increased
P i 1tis possible,
"The remaining figures in this <ecnon were chosen toshow a
wide range of p i fugh
tevels of complexity, variance in size, thickness or casting
method, Fot example, while most of the A357 ftems are
sand castings, Figure 4 16 shows a Jow pressure permanent
mould casung and Figure 4110 an investment mould
casting, Each figure s lied by a short descrip
iflustrating what 1s umque about that parficulat casting and
some of 1ts vital statstics

T™H 5 56 J
€ company p 5 th

vears on N p asrcraft without failure. These were first
produced 1n the early 1960s when speaifications, such as
Mler 2}!80 were only bemg dc\tloped for aircraft
f S0
kst (335 MPa) UTS, 40 ku (276 MPa) YS and $%
clongation are required with the provision that a specified
quantity may be shightly lower without reqainng a retest as
!ongaslheyarc notlocatedin axtaaﬁmcm areas Onecasnn I3
ch2:

tensile propemcs One attached tcnslle coupon s lmcd
from ) the nwt

yreld strength range Each casting 1s required to mecx grade
B radiographic quality Welding 1s generally permitted but
Timited to s1ize and focation.

Alloy: A357°T6

Speaification Northrop (NA 1310)

Weight 6516 (29%g)

Wali thickness tolerance, £ 0.030 11 (19 mm)

Quter surfacetolerances £00301n (19 mm)
10 basic mould line

Mechanical properties: UTS 504w, YS 40 kst E = 5%
(345 MPa), (276 MPa)

Courtesy: Northrop

Fig411
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41,2 Airbus A320 Cargo Bay Door

Purchaser: MBB
Specification: DIN 29531 ~ Class 1~ 10
Alloy: A357T6
Wall thickness tolerances: 075° £ 016
19mmz 04mm

Dimensions. 473" X 39.4° X 4.7°

1200 mm X 1000 mm X 120 mm
Mechanieal Properties:
Speatfication UTSksi(MPa)  YSksi(MPa)  E(%)
Cntical areas 48 330 40 280 5
Others 41 280 35 240 3
Typicalin castings
Cnticalareas 52 357 45 307 75
Others 51 355 43 308 6.5
Courtesy: Founderies Montupet

o

’J
g
ot

et
R R g
7 R

o
&
&

IR )

0 M0, 20 30 407, SO

s

S

9. .70, 8., %000

Fig412




14

4.1.3 Pilot Boa Structure

Purchaser: Dassault

Speafication. Air 3380C Class 1-0

Alloy: A357T6

Weight- 2216, (10 k)

Wali thichness tolerances: 098" £ 019°
2.5mm 0.5 mm

Mechanical Propertics:
Specificanon Typicahin Castings
UTS YS E@®%) UTS YS E%)
40kst  29ksi 25 49 km  HOkd 10
280MPa 200MP2 25 340MPa 275MPa 10
Couttesy: Fonderies Montupet

Fig413
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41.4 Landing Flap Holder

15

3

65
4

Purchaser: MBB

Specification: DIN 29531 = Class 2

Alloy: A357T6

Weight; 4516 (2 kg)

‘Wall thickness tolerances: 236" to 079" £ 0127
6mmto2mmz 03 mm

Mechanical Propesties:

Specifications  UTSksi(MPa)  YSksi(MPa)  E(%)

Cntical areas 49 340 40 280 5

Others 45 310 35 240

Typical in castings

Critical areas 51 350 43 300

Others 49 340 41 285

Courtesy: Foundenes Montupet

Figa14




4.1.5 Missile Cheek

Purchaser: Manufacture d'armes de tulle
Speafication: Air 3380C = Class 2-0
Alloy: A357T6
Weight 401b (1,8 kg) ’
Wall thickness tolerances<.066” & 0127

17 mm* 03 mm
Courtesy: Fonderics Montupet
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4.1 6 Antenna Bases for Military and Commercial Aireraft

Aircraft antenna castings require the culmunation of all
aspects of the casting process | mdudmg metallurgical
integnity as wellas di rface finish preciss

Process. Low Pressure Premenent mould
Alloy: A357
Speaficaton. MIL-A-21180, Class 1

Cnitical Requirernents

A. Short Base 100% sadiographic to grade B with a
minimum wall thickness of the mast section of 061 £ 010"
(1.6 £ .25 mm). Radut cast to .020° (SY mm) and a cast
remss of D50 :£.,010° (127 £ 25 mm) Weight:,661b (29

Le)
B. Med, Base. 100% Radiographic 0 grade B with the mast
scetion having & wall thickness of 100 £ 010" (2.54 £.254
mm) and a cast step of .010° (254 mm), Al dimensions &
010" (254 mm). Weight: 875 b (389 kg)
C. Long Base:100% Radiographuic to grade B. Mast section
wall thickness 187 2 0.10° (475 2 2.5 mm) with
straightness hield to 0.15" (3 8 mm) radu cast to 0.30° (76
mm), Weight: § $81b (836 kg).
Coustesy: Progress Casting Group

Figa16
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41,7 Forward Support Housing

A complex casting with concentric walls 6 080" te.120° (2.0
hock i Ysurface finssh with fogh and

mmto3 4 &

i h 1 properties. In th on of the
mould a totalof 11 internal cores arc used, This castingused
1 the F-16 weighs 33 1b (15 kg).

Alloy: A3570T6

Speaificaton AMS 42198

Method of Produgtion Bottom poured by L.P. sand process.
Typical Mechanical Propertiess

Cut-up tests from castng Yield Tensle EL%
strength strength

Location Averageof  Rsi (MPa)  Rsi (MPa)

Drive entrance 4206 2900 5026 3465 32
Mountingpads 2 4003 2760 47145 3254 S5
Splitterflange 3 4009 2764 4430 3054 32
Bottomflange 4 4054 2795 4584 3161 45
Thin walls 4263 2939 4586 3162 4§
Specrun.(cutfromcasungs) 3000 2069 3800 2620 20

The tensile results show a good degree of consistency of
propertes throughout the thick and thin walled areas of the
<cahing,

Courtesy: Haley Industries Linuted
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4.18 Biurcation

Material: Aluminium A357 T61

Speafication MIL-A-21180

Mechasical Property Roqui

Critical:  UTS 45ksi (310 MPa), YS 31 ksi (214 MPa),
Elong. 5%

Non-critical: UTS 38 ks (262 MP2), YS 28 ksi (193 MPa),
Elong 4%

Weight:401b (18 kg)

Sizez52° X 12° X 10° (1320 mm X 365 mm X 254 mm)
No or cores: 15

Sectionthickness*.160" 10 870 (4 06 mm 10 22 1 mm)
Dimensional tolerance: £ 0307 (2,762 mm)
Application: High stress pivot hunge for commercial aurcradt

Courtesy: Hitehcock Industries
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4.1,9 Crutse Missile Fuselage Section

This 1s one of the four tank sections which make up the ten
casting fusclage of the Alr Launchzd Cruise Missile
(ALCM). These four sand castings range in thickness from
Y to 1'47(3.2 mm t0 38 mm) and are machined only on the
matng surface, When impregnated to insure against fuel
leakage and bolted together they forma ¥3 ft (40 m) long

tank assembly weighing app 1y 4001b (180 kg). The
ire fuselag is approximately 21 £t (6 4 m)long.
Courtesy The Boeing Cc npany
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4.1.10 Bell Helicopter 406 Combat Scout’s Outer Swashplate

Process: Investment castin A357 aluminum

“This swashplateis the dynamic component providing forces
necessary to apply pitch 10 the rotary wing, thus providing
the helicopter with maneuverability. This is a swgle load
path design with no redundant system, thus becoming a
crincal part in the flight regime

‘The partis 2 20° X 20" (508 mm X 508 mm) vacuum melt/
vacuum pour investment casting with cored passages for
weight reducton, This radiographic class *B* casting
consistantly provides class *A” radiographic quahty which
results in supenot fatigue properties.

Courtesy: Howmet Turbine Components Corporation

Fig 4110
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4111 Vertical Stabulizer Substeucture

An experimental vertical stabilizer built for potenual
application on the General Dynanucs F-16. This large thin
wall cast structure met or exceeded all the design enteria.In
addition hanical prop th ] weight
was 491b (22 kg). versus amaximumof $21b (23 kg) andthe
partachieved two hfe cycles in the full-scale fatigue test with
nofalure.

Alloy: A3570-T6

Wesght. 521b (23 kg) maximum

S1ze7 11,5 X 3.5° X 47 (3500 mm X 1070 mm X 100 mm)
Typical wall: 0.80° (20 mm) =~ 30 to 40% thinner than
typacal for castings of thus size and complexity
Spearficatons: MIL-A-21180

Mechanical properticss 45-36-4 high stress areas, 35-29-4
other areas

Casting process: Dry Sand Assembly

Number of cores 37

Courtesy: Aloa/General Dynamics

Fig 41




41.12 Canopy Frame

Large frame cast structure for the Grumman F-14 canopy.
Requires high mechanical propestics and unique heat treat
and strughtening practices to achieve close dimensional
requirements for £it to the aircraft structure. A total of 774
castings were shipped from 1972 10 1987

Alloy: A3570-T6

Weight: 98 Ib (44 kg) maximum

Size:41” X 24" X 134°(1031 mm X 609 mm X 3403 mm)

Typical thickness:.125° (3 17 mm)

Specifications. MIL-A-21180

Mechanical Properties:

UTS 50ksi (345 MPa), YS 40 ksi (276 MPa), 5%l
high stress areas

UTS 41 ksi (283 MPa), YS 31 ksi (214 MPa), 3%}
otherareas

Casting process: Dry sand assembly

Number of cores: 97

Courtesy: Alcoa

Fig 41,12
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4 1.13 MRCA Tornado. Intake Floor

Purch MBB (M hmitt-Btkow-Blohm)

Foundry: Messier and Merlin Gerin

Speaificaton;  DIN 29 531 —Class 1-0

Alloy: A356TS

Wall thickness tolerances: 1.8 mm+ 04 mov/~02 mm
070" %.016"/~,008"

Dimensions: 700 mm X 430 mm X 330mm

(276°X16 9"X137)

Meclunical Properses:  UTS(MPA) YS(MPA) E (%)

Cntical areas 340 270 5

Others 310 250 3

“This component belongs to the pnmary structure and is
located in the forward engine ait intake. The old version
consisted of 13 machined parts/9 sheet metat parts and
€.400 fastencrs, The cast version consists of one part only
By comparison with the old version cost reductions of more
than 60% at the same weight were achicved by using the
casung.

Courtesy: MBB (Messerschmitt-Bothow-Blohm)
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4114 MRCA Tomado: NIB Centre Structure

Purch MBB (M hmitt-Bdlkow-Blohm)

Foundry: Merhn Gerinand Tital

Specification;  DIN 29 531 =~ Class 1-0

Alloy: A357T6

‘Wall thickness tolerances: 16mm015mm

063" £ 006"

Dimensions: 510 mm X 260 mm X 80 mm
01°%102°X32%)

Mechanical Properties: UTS(MPA)  YS(MPA) E(%)

Cnucalareas 340 280 S

Others 310 240 3

The NIB is located in the fixed wing area of the MRCA
Tomado and is a primary component, The senes version
consists of 15 machined and sheet metal parts, The casting
consists of only one part, Value analyses have shown 20%
weight savings and 25% cost savings for the casting.

Courtesy: MBB (Mésserschmtt Bolhow-Blohm)
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42.1 General Dynamics F-16 Modular Common Inlet
Duct Casting

‘This i¢ the first attempt to produce a cast structural
component utihizing no casting factor (1.33). Over 80% of
this casting requires 50 ksi (345 MPa) UTS, 40 ka1 (276
MPa) YS and 5% clongation, One casting is d n
each 20 ively produced fo & tensile
properties. About 80 tensile coupons are obtained and
dendnte arm spacing evaluated, Each cast~z shall meet

grades A&B radiographic quahty Welding rs permitted but

hmted.

Alloy:D357-T61

Wall thichness tolerances .030 (76 me»)

Dimensions* Length — 257 (635 mm)
Width 60" (1524 mm)

Mechanical properties: UTS = 50 ksi (345 MPa)
YS~ 40k (276 MPa)
E~5%

Weight:approx, 478 Ib (21 kg)

Courtesy General Dynamics

Figa21
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4.3 A201

4.3.1 Turbocharger Conipressor Impeller

“This compressos wheel is cast for a West German diesel
engine manufacturer, for use in a twin turbo boost
application. KOY alloy was selected for its resistance to
moderate elevated temperatures duting use and the high
strength required while functioning at 20,000 RPM

Alloy:KO1-T7 (A201)

Casting sizes 375" X 69" dia (95 mm X 175 mmdia)

Section thickniess: 0 045° to 3.75° (1 L mm to 95 mm)

Gramsizerange: 130 to 300 um

Moechanical properties: Tensde 69 ksi (478 MPa)
Yield 64ksi(443 MPa)
Elongaton 8%

Courtesy: Cercast Industries
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4.3.2 Rollover Beam for Helicopter

This strength casting forms an integral past of the canopy
structure of a US, mahitary helicopter, Originally, the part
was fabricated by riveting a central machined beam with two
KO1i castings at th Srgnificant cost
savings were realized by the customer by having the
component cast in one piece, Today, over S00 parts have
been del ) oy

d for thi

Alloy:KOIT7 (A201)
Casting size: 21.8° X 1.7 X 42°
(554 mm X 297 mm X 107 mm)
Section thickness: 0685 10 0 4° (2.1 mm to 10 I mm)
Grain suze range; 1400 210um,
Mechanical properties: Tenste 64 3 ksi (443 MPa)
Yield  58.5ksi (403 MPa)
Elongaton 6%

Courtesy: Cercast Industries
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4.3.3 Engine Control Support

This structural casting 1s used as an engine control support

for 2 US. missile, Developed several years ago, the part was L

designed yn KOI in order to take advantage of the high

strength to weight rano needed. This castng features heavy

mounting lugs adjacent to thin wall suffening nbs, with
. tarncal ¢ < throush

high prop
Alloy:KOET7
Casting srze: 18" X 16° %X 5.7°

(457 M X 406 mm X 145 mm)
Secyon thickness. 0 12100 §5" (3 mm to 14 mm) i
Gramn size range: 16010 220 um, '
Mechameal properties: Tensife 65 0 kst(448 MPa)
Yiedd 5601 (386 MPa)
Elongation 6.5%

Courtesy Cercast Industries

Fig433
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43 TIGAL-4V

44,1 Optical Pointing System !
The 3 ion for the two is cast mating parts 1§
an optical pointing system, Titanium was selected because
I the combination of sts hightweight and fugh ngidity resulted 1
in the ability to achieve eatremely stable pointing, The :
complexity of design precluded manufacture by any
) technique other than casting.
“The hollow square tubular scetions with several butkheads
. on the yoke were created with a soluble wax core which is
chilled to reduce shrinkage variations. Wall thickness in
some sections of thearmare anominal 0107 (2.5 mm). The
three Tound sections on the bottom of the yoke were
produced with mechanical cores and loose 100l pieces to
create theundercut detasls.
“To ensure complete freedom from resdual stresses after
creep hot sizing, the part 1s re-vacuum anncaled wathout

fixtunng,

“Typ.cal mechanical properties*

UTSksi 137 YSksi 120 %E
MP294§ MPa$28 12%

Customer: Ball Acrospace
Specification: MILT-81915 Type Il Comp A
Alloy:TISAL-4V

Courtesy: Titech International
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4,42 Exhaust Nozzle Actuation Ring

Tl 6AL-4V Alloy Exhaust Nozzle Actuation Ring for
muhtary diteraft gas turbine engine, This mtricate
casting includes three (3) scparate anpular cores with
Lumited access, as shown n the cross-section close-up, Tight
dimensional tolerances yequire special post-cast suing
operations. Extensive areas of thin walls 2dd to the

s complexity of this 301b (13 kg) casting. Overall drameter fs
411040 mm).

Specification: General Electric
Courtesy: Precision Castparts Corp.
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443 FanFrame

This complex gas turbinc engine component 1 the largest

piece titanum prod class casting of jts kind

Therearcth 1 icell binedin this
state-of-the-art casung: heavy walled flanges which support
twelve hollow, thin wall airforl struts, along with heavy
engine mount bosses and an intenal housing which
supports the main turbine axle, Several through-core and
bind end cores are contained throughout this intnicate
casting.
The development of this casting design resulted in the
elimination of 2 ninety-plus separate piece fabncation, a
sigmficant weight reduction, and a superior aurflow path, alt
of which increase total engne performance,
Technical data: TI-6AL-4V Alloy

Hipand heat treated

S17(1295 mm) diameter

3001b (133 kg) net casting weight
Speafication: General Electric

Courtesy- Precision Castparts Corp.




444 TFE1042 Front Frame

Garrett Turbine Engine Company

Titanium 6AL-3V

21° (533 mm)dia, 40Tbs (18 hg)
Speafication® Garrett Turbine Engine Company

‘The front frame is a critical structural component of the
GTECTFE1642 gas turbi dne. B ty suppodts thy
fanand theaccessory gearbox, butalso holds the engineinto
the airframe,

The casting prctured 15 & complex mid-size utanwm part
which utilized state-of-the-art coring technology. Eight
fragile ceramic $trut cores along with 28 water soluble cores
help to form this challenging 20 strut casting.

Courtesy Howmet

133
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5. QUALITY ASSURANCE METHODS/CORROSION
BEHAVIOUR

5.1 QUALITY ASSURANCE METHODS

511 General
Buyers and casters must agree on the meaning of quality.
Each factor affecting quahty must be decided by a set of
rules for inspecting castings and cnteria for accepting or
rejecting castings.
Speaifications must be set up for alloy composition and
mechanical properties, hardness, surface condition and
wnterior soundness. Inspection may nclude chemucal
anlyses, tensile, impact, bend 2nd hardness tests, visual,
or dye p

X-say inspections, g 1t and
speczal tests must be desenibed and camed out to ensure
good agreement among the producer’s inspectors and the
customer'’s inspectors.

1he word quam)‘do&s not xmply any pamcu!ar degree of
1td

tics to

aspeafic casting. -

Quality s relative and not absolute What may be good
quality i a particulas product when used fof one purpose,
may be quite inadequate if the same product is used for a
different purpose..

1, neet Aindi

ial worh this situationis governed
by specifications of test codes, which define standards of
quality roquired under different conditions and state theit
lunits. Such guidance simphfies decading which quality
standard to maintain, stating the variations Allowable and
methods of measuring ther, These standards are based on
expenence with the hind of product concerned.

. ) ‘ bination of high qualit

MIL.  Mibitary Speaifications or Handbooks,
available from the US Naval Forms and
Publication Center

AMS.  Aecrospace Matenals Speaifications,
available from the US Society of Automotnve
Engineers

ASTM.,  Specifications of the Amencan Society for
Tesung and Matenals,
available from ASTMun the US

SAE Society of Automotive Engineers Handbook.
Thus hay himuted use as the handbook covers
wrought ferrous materials only. SAE handbook
avalablemthe US

QQ. Federal speaifications (US ).
available from US Naval Forms and Publications
Center

DIN German matenals specifications,
avallable from Deutsches Institut fur Normung

LN, Luftnorm — German aircraft speafications.
BSI Bntish  Standards  Indtitutron  testing

spenifications available BSI London, England
AlR: Frenth Arcraft norm standards,

available from Ministere de Ja Défensc
Natdonale,

513 Quahty Assurance at the Foundry
Quality assurance of castings can be divided into quabty
atthe f: s (foundry) and at

the buyer's.

Quality controt at the foundry commences upon arnival of
the matenal such as the raw materfal, wax, moulding

g & 7 DU Rl )

Tow quanity and high cost. On the other hand, more fiexible
controls ate apt to result in Jower quality standards, greater
quantities and lower costs. The designer must balance the
degree of quality control aganst the casting 2pplheation, to
achieve a cont effective solution acoording to hus needs.

“The term *Premium quality™ 1s becomung a more frequent
dcsenpuvc requirement. Premuum quality castings ha\mg
better internal soundncss and inherent high

Is and binders

D ional checks with ady and test fachities as
well as electronic measuring equipment relate to the tools,
patterns and castings $o that production is momtored nght
from the carly stages of the proccss through to senes-
production. Analytical equipment is used to record the
composition of the molten masses and castings, and the
smaﬂm of 2dditives \\hxch are determined for the

propertics are more coslly than ordmary commercral
castings. They should b
for service under severé conditions of substituted rox parts
fabricated from wrought alloys, where hughest strength-to-
weight ratio is essenual,

Conclusively, it can be said that the scope of testing
constitutes an important cost factor so that its scope should
be adpusted to the task of the component, Expressed in
smpler terms, the scope of series testy should be "ay
extensive as necessary butas small as possible™

512 Sp«iﬁcallons

‘The speafication is developed by either the maker or the

usr, \nho specifies the intended condition of a Gm.ng
ghout ts f: or upon its compl

specification must consider not only what is posslblc

desirable and necessary, but also what is practical, eather

now or in the future.

s;mr ications con«mmg castings are hsted in Table 5.1,
pecifications are given
bclow

tof certain prop
ln addition to an asessment of the texture and the
of properties (lenule tests on
1y cast, 10 and/orsp

taken from the pan) x~ray and dye penetrant tests are
carned out Moreover, quahfication tests can be carmed out
on the component,

To the following quality
applicable to castings.

* qualified matenat

* qualified personnel

* Jdocumentation of process

¢ visual inspection

* dimensional chechs

* penetrant test

® Xeray test

* metallographicnvesigationy
¢ tensile fests on spramens

* component tests.

The testiog fachity shall be surveyed and approved by the
casting purchascr. The test facility shall be responsible for

methods are
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Table 5.1
Specdication

MIL - A - 8860 Airplane Strength and Rigidity,
General Specification for

MIL - A - 21180 High Strength Aluminum Castings

MIL -~ C - 6021 Castings, Classification and Inspection of

MIL - H - 6088 E I.C. Testing Procedur as related to Heat
Treatment of Aluminum Alloys

MIL ~ X - 6866 B Penetrant Inspection

MIL ~ STD ~ 276 Impregnation of Aluminum Castings

MIL ~ STD ~ 453 Radiographic Inspection

AMS 2635 C Radioqraphic Inspection

AMS 2645 ¥ Fluorescent Penetrant Inspection

AMS 4228 X01 ~ T6 Material Spec.

AMS 4229 K01 - T7 Material Spec.

AMS 4241 Aluminum Alloy Castings, Sand Composite
7,0 8i-0,58 Mg-0,15 Ti ~0,06 Be
(D. 357.0-T6) Solution and Precipitation
Heat Treated Alrxcraft Structural Quality

AMS 4242 Alurinum Alloy Castings, Sand Composite
4,7 Cu-0,60 Ag-0,35 Mn=0,25 }Mg-0,25 Ti
(B 201.0-77) Solution Heat Treated and
Overaged Aircraft Structural Quality

ASTM B-117 Salt Spray and SCC Testing

ASTM B=557 Tensile Testing

ASTM E8-82 Tensile Testing - U.S.

ASTI E-34 Chemical Analysis of Aluminum and
Aluminum Base Alloys

ASTM E-155 Radiographic Standards

ASTM E~165-607 Methods for Liquid Penetrant Inspection

ASTM G-44 K01 Corrosion Behavior

DIN 50 125 Tensile Testing - Germany

LN 29 512 Tensile Testing - Germany

BSI 4A.4 Test Methods - U.XK.

4
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the p f all
inthe data sheet,

S.1.3.0 Preproducnon Tests

In advance of production, uniess otherwise spearfied in the

contract or order, “two castings, heat treated and
= btened tod 1

fall e subm
b

q as speafied

Certain types of defect are obvious upon visual exantnation
of the casting' cracks, cold shuts, cerami¢ inclusions,
posttive metal and russing features These defects may or
may not be discovered by other NDT methods, and shoutd
be covered on the user's drawangs.

$136 Handness Me

examanztion and writtena f)proval
One casting shall be tdentified as the “dimensional sample™
and shall be for imenston approval, The othet casting shall
be wdenuified as the “foundry control sample™ and shall be
for X+ray and strengthinspection as necessary for approval
3 f d
to

&

‘The submutted castings shall be fully ive of the

The resistance of metals to plastic deformation by
indentation may be measured by hardness tests such as
Brinell, Rock“cllandv'ckers\

Hardness 15 a good i of

dwath chi i

and when
d heat !

p
tof casting acceptat

acost eff
ll d,

foundry practice that will be used in production, I chulls are
l’equxred thert size and location shall be permanently

& ded, Pouring temp of the
submutted casting shall be recorded,

5132 Ch:mtmlArwI)su
Chemical composmon 15 usua!ly conlrolkd by a cerufied
masterheatas suppt dry by thealloy prod

It is necessary that each melt prepared for casting be
amalyzed by spectrographic methods in the foundty
regardicss of whether  master heat or returned gates and
risers are used,

The foundry shall cerufy this chemical composition for a
parucular batch of casungs according to a pre-determined

by the foundry is generally expressed
asarange(foraspecific heat treat fot) as a result of testing,
5.1.3.7  Dumensional Control

‘The dimensfons of the castings shall be wthin the
d ions and tok peafied on the

drawings .
Chapter 2 of this Handbook outhnes the tolerances
recommended for casungs. More ngorous tolerances are
possnble and wilf depend on the specific pant, the casting
and the justfi for d cost. Users with
spmﬁc problems requinng closer tolerances thanacoepted
standards should contact the supplier with speaific details

Casting aceeptance will generally be based on the foundry's
ability to supply parts which mect the customer’s drawing

specification chosen by the user, specifications
Suggested spearficatrons* Complex castings employing cast toolmg points or
'xargexed' ;poz {am requinng supplemental machmmg
ASTME34  Chemical Analysis of A and P lity are often "
Alumimum Base Alloys. atthefound ,v' foresh 'Mhtway‘xhcuwnsableto
MILA 21180 High Strength Aluminium Castings. inspectand ppron the casng y before costly
£0p f

AMS 4241 Alumanum Alloy Castings, Sand Composite
70 $1-0.58 Mg-0,15 Ti — 006 Be (D.3570-
T6) Solutica and Precipitation Heat Treated

Aireraft Structural Quality

AMS 4242 Aluminium Alloy Castings, Sand Composite
47Cu=060Ag =035 Mn—025 Mg~
625 T (B 201 0T7) Solution Heat Treated
and Overaged Aircraft Structural Quality.

5.1.3.3  Gas Content of the Liguid Meral
In thc l:qmd state, aluminum aﬂuys always dissolve gases
This d gasis rej \cdwhenlhe
soldification occurs. and ¢an ¢reate porositics in castings.
Then, 1o decrease the gas content, the hquid bath must be
cleancd with nutrogen, chlorine of argon, and the level of the
£as content must be cheched before the pouring operations.
Several hinds of apparatus are available on the market to
perform thas inspection,
8134 Heat Treatment
The heat xrcaxmcms of castings are onc of the main steps of
te All op of heat must be
very precise and cheched, First of all, the furnaces and
lmxmcs will be ceruf cd by the quality assurance
with a KT A Yeal
Secondly. each phzsc of heat treatment must bc nknnf cd
and cheched (temp
properties on attached coupons).

5.1.3.5 Visual Inspecion
Each casting shall be examined visually,

.4

5138 I’en:/mmlrup«non
Due to the hxgh sensiuwty desired for the inspection of
casung‘. 1s preferred to
dyep P Penctrant 1saseasiive
non-destructive method for detecting cracks, gas and
shankage porosity and ceranuc inclusions, The techmque
employs a highly penctrating fleorescent hiquid which 1s
visible undez *Black Light™

Basically two systerms of fluorcscent penctrant ispection
dfor

are castings:

A) “Water Wash — This system employing a water
washable penctrant with excess removed by water
sproy is most widely uved and recommended, A higher

y1s possible tf the p dcasung

fsdustedwitha pomcred de\tlopcr.
B) “PostE 4" -’Ihcposx Iatfied p 15
not water washab 1y. An emulsifier 15

applied to the su:facc after penetration and then
washed away. [Zmulu!)mg ume s eritcal and m!ds

Agan,
mnng may be du s(ed witha pm\\!crcd dc\t'opcr for
Isified

casier defect d The post:
15 more labour intensive and results in hugher costs to
the user,

Ultimate defect detection is possible by chemucally ctching
the casting surface priof to penctrant examinauon The
etching procedure employing a mix of acds and oxidising
agents, removes smeared and contaminated matenal to
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GENERAL INSPECTION GRADES FOR CASTINGS

GRADE , DESCRIPTION

A |Very difficult to attain, requiring castings to be
free from all defects detectable:by X-ray examination.

B [This {s a high standard which cannot easily be
attained. Multiple gates are often required to
reduce internal shrinkage to an acceptable level.
It is also difficult to attain consistently, since
small gas inclusions are cause for rejection.

¢ |7This is a moderately high standard which can be
attained consistently with adequate gating and
good foundry practices. Sampling plan is allowed
with this class of casting.

D [This is a liberal standard which can be attained
easily with most configurations.

der), Agan, thisJabout ntensive

expose
and hence expensive process is recommended for only the
most entical castings,

Grade Cis the preferred X-ray class for hugh quality parts
(low stressed areas). Grade D s preferred for general X-ray
cxammauon and allows a relatively large degree of

The followi fications are ded for

p:ncuammcpmxon

ASTM E+165-60T “Methods for Liquid Penetrant
Inspection™

AMS 2645 H 131 Penctrant];

L4 ord Y

According tothe classes thereisadefinitionin MIL-C-6021
for cach dnsoonunuxty hke gas holes, shnnkage, foreign
matcna) sponge, shnnk cawity, dendntic and fitamentary

MIL:J-6866B  “Penctrant Inspection™

5.1.3.9 Radiographic Inspection

Radsographic inspection 1s one of the most useful tools in

wsung qua.hty assurance, and is commonplace i m all casung
For

radsation source is Xeray with a camera power scncmlly not

exceeding 160 Kw

shall establish the class and the grade

Risimportant to know that the cost of castings depends very
strongly onthe dct'ncd ¢classand gradc The {olkywmg table
shows some price impl of
(ntended as guxdclmc only):

P P

Casting conts reflect labour and matenal costs as well as
mcmscd scrap rejecion due to non conformance to

The rads phic inspection shall be p d in
accordance with MIL-STD-453, ASTME- lSSsh;\llbcuscd
to define radiographac acceptance standards,

According to the classes defined in MIL-C-6021 there are
four Xeray grades (AB.CD) which descnbe the quality of
the casting.

Grades A&Bare extremely difficult to meetand = asinthe
case of all Xeray speafications ~— onc should designate
selected areas (highly stressed areas) of the casung which
must meet this specification,

asaresult of shrinkage porosity, gas porosuy,

eracks, incl oxides, and segregation of alloying
clements, etc.

The follow: are ded for
mdnograplucmspccuon.

MIL-STD-353 Radiographic Inypection
MIL-C-6021 H NDT Clasufications & Inspection
AMS2635C  Radiographic Inspecuion
ASTME-155  Radiographic Standards

Ms CASTING COST REMARKS
Grade: A + (30-50 ¢)
B v (812 9 s
¢ volé-6d) Level ¥
D + (1=3%)
Class: 1 +  (20-30 %) Casting
§ M :;g:fz :; Inspection
3 + {01 ) Frxequency

"a
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Notice:

The ASTME 155 standards represent samples with
thicknesses of V4 inch and Y, inch They are not 3dapted for
inspection of casungs having thicknesses lower than & man.
The structure pagts currently show Jhicknesses of 2 mm it
tnust be hnown that the severity of the X-ray inspections is
mcreased a lot when  the thickness becomes thinnet,
because the senutivity of the method is improved, That
meany that 1t will be necessary for the future to ¢reate new
standards with adapted reference samples, But,-before
having these ones, 1t ¢an be very hefpful to use reference
radiograms chosen among representative films obtaned on
the same casung famuly.

51310 Mechanical Properties

Castings and test bars must be testod to acertain that
mechanical property specifications are met. The strength
requirement of the casting tested in full size shall be as
specified on the drawing of in othet purchase information,

Mechanical testing is often the final verification for casting
integrity and qualifications, as a result of correct chenusiry,
microsteuctural, NDT and heat treating control parametets.

As standard procedure, the foundry should cast separate
test bar clusters from each melt used to produce castings.
and make available the mechanical properties of the heat
treated bats, Thus i at feast & basic check for foundry and
user and reflects any changes in processing, This method is
thelcastcostly of mechanical venfications, however, casttest
bars indicate only the quality of the metal from which the
casting i» made, They do not give actual properucs of the
casung, nexther are they a quanutative measure of casung
quality, They are not truly representative of thefinal casung.
“The chicf valuein tenule tosting lics I assunng conwstency
of metal properties from heat to heat or fromone castinglot
tothenext,

Semi-eritical castings may employintegrally cast coupons of
test bars tachgd to the caving gating systern The barsare

"

size or DAS controly (Chapter 513 11) together wath
integral cast coupons

Specificaton AMS 4241 exsts whereby the methamcal
propetties of attached cast coupons are related to the DAS
ratio of coupons from a speaific casting area, to cstmate
propetties of a speaific D357 cavting area. In this manner,
wdvidual castings and parts of castings may be
hamcally qualified by Tocal surface DAS and
knowing the propesties and DAS of attached coupons

It 15 important that test specimen desgns be umform
hout the industry. Apphcable speaifi covenng
hanical testing of static prop argas follows

ASTMBSS7 Tensile Testing

BSI4A4  TestMethods == UK,

BS 18 Tensle Testing = UK.

ASTM E8-82 Tensile Testing — US

LN29512  Tenwle Testing — Germany

DIN 40125 Tensle Testing ~ Germany

Notice

Due to the generally thin secutony of Alumuum snvesiment
castings, testbary are substandardin size.

‘When comp. it prop Qe d from
substandard bars, gauge Iengih, testing specd, and test bar
geometry should bestated.

Test parameters will vary (and henge rewlis) from one
country toanother

S.1.301 Mewllographue InvestigationsDAS

On the baws of the nucrograph, 1t 1s possible to make a
staternent on e mechanicat values usng the DAS method
(Dendnte Arm Spacwrg). An additional non-destructive
quality assessment can thus be made at any part of the
casting.

The surface microstructure shall be evaluated as an added

means of quality assurance only, Castings which exhibrt an
bl hallbe heldfor dispositiond

¥
1h

later heat wreated with the casting, and
properties will more closely resmble properties of the
finished part, Img factors often overlooked are the

Udficati d inboth test bar/coup dinthe

&F 5 ¥ P

The microstucturc of the casting sweface 1n the designated
areas of the caving shall not exceed the manmum size
) fi

castingitselt, Generally the complenty and wall thich 1
the casting result in slower alloy solidification than in the

d in accord: with ap
AMS-4241, This speafication, along with AMS/ARP 1937,
bish d Jure to evaluate the

attached bar. As 2 result, )} prop in the
integral bay wall often be superior 10 that of the casung, and
dusplay grossly optimisti¢ mechanucal properties,

The discrepancy between integral bars and casting may by
mmmized by engneering fest coupons which olidify
comparably and have similat microstryctural condisions
(graun s12¢, DAS, €16 ). The foundry should be consulted fn
thewe Qircunstances to properly develop meaningful
correlation studies, Althaugh more relevant than separate
cast test bar values, 10 qualify castings Will result in
additional etfort and prepuum costs.

Critical arplication castings are best qualificd by test
coupons ut from designated (entival) and Jossgnatedt
areas. [tis suggestea that one casting be tested pee heat treat
102 for small parts, 3and a testing schodule be evtablished by
foundry and usct for larget castings.
Due to the high vost of destroying & casting for mechanical
ing (rcluding machuning and testing costshand the need
toqualify every single castingin cntical applications, efforts
have been made 1o estmatn casting propertss using grain

.

tive test p
Dendnte Am Spaaing (DAS) of A357 alumunium castings,

AMS/ARP 1947 *Determination and Acceprance of
Dendnte Arm Spaging i Alurnimum Castings™

] cniend

Two rategrally attached coupons shall be evaluated which
represent a significant difference in DAS The DAS and
limate tenvle steength (UTS) of each coupon shall be
Jetermined, The maxil DAS ptable shall be

dinthe ing manners

nAs,.—mMS-—-—-*.‘:l%;f (UTS, — UTS )+ DAS,

Where

DAS,,, = mav sze DAS plable 1o meet
mimmum tensife properttes (X 1074inches)

UTS, = Ulimate tenwle swength of coupon with
smallest DAS (Kt




B —

UTS; =~ Ultimate tensife strength of coupon with largest
DAS (Ks1)

UTS, = Ultmate tensile strength mummum required
(Ks)

DAS, = Size of DAS of coupon with smallest structure
1 X 10**inches)

DAS; = Size of DAS of coupon with Jargest structure (1
X 10™*Inches)

) Casting examination for acceprance

The DAS shat be determined on the casting surface at each

test Jocation shown on the casting drawing. When test

focations are not shown on the casting drawing, areas

selected for the exaston of tensile coupons shall be used

The DAS in all test focations shall be equal or less than the
ptable size d ined in a).

¢} DAStest procedure
Test shall be prepolished Prepoliching shall be
sufficient to produce an outline of the secondary amm
structure after etching. Material removal dunng polishung
shall not exceed 0005 unch thickness. Prepolished fest
K haltbe ¢l polished and electro-ctched.

B9

used to define the DAS of the structure By measurng the
total length of drawn hne and counung the number of
1nterceptions, the average DAS value can be defernuned 1n
the following manner;

. Length of Intercept Line (inches) 1
DASaches: = mber o Infereepions.— * Magrafciton
Atleast two areas of the microstructure shall be evaluated
Theaverage value of the hall be ref toasthe
DAS of that test site,

Alernative Measurement Method — This alternate
procedure consists of draving a straight hne of known
fength i d h of
8

times the line 1$ intercepted by silicon patticles (see Table
5.3). The average distance betweén silicon particles 1s thea
used to quantfy the structure, Pasticle Intercept Drstance
(PID)is determined by the following.

Length of Intercept Lane (inches) 1
PID, aches. Numbet of Interceptions X Magmficaton

At least two hines shall be drawn which vary i their
onentatton to cach other as much as practical. The average
PID of the twohines shall be reported

“The microstructures of decxméched focations shall be ,‘3‘::;" : pons . o N

ransfesred o a replica plate provided in the Transcopy hit,

rar E: CPic plate proced W the supﬁlm stte on the casting o!r integrally attached test coupon, A
i P ol u photographor capy of the photograph o the

Herature Any other method of ot B gaphorapyo e mictostructur

“The replica plates shall be individually idenufied by test
1 " d placed withi: 1 Bk 1A, fiag th

P Y
Tines drawn for mucrostructure measurements.
The test lab y shall maintan on file for 3 mimmum

testcasting represented by the rephca; Microstructure shall
clearly distinguish the secondary arm spacing from the
castng surface. Improper polishing, underetching, or

gcan p 4

1f the g is mproperly pohshed, underetched
or overctehed, the test location shall be repohished very
hightly using 400 t0 600 gnt paper, re-clectro-polished and
re-clectro-ctehed, Th density and etchung time shall
be established. Under-etched locations shall not be re-
eleetro-ctehed without repolishing, The test cagting shall be
rins.d in running weter to remove the exching solution after
the examination has been completed,

A photegraphic reproduction shall be made at a
ragmification of 100X inthe areawhuch most clearly defines
the general microstructure, Arcas selected for evaluation
shall bé xdentified either dircetly on the photograph oz ona
copy of the photograph,

Eather of two methods of microstructure evaluation are

ptable; however, of ¢learly defined
sccondary dendnte arm spacing (DAS) s prefesred. When
thisi$ not possible, the at dure of; the

period of 90 days the replica plate or tape used 1n the
evaluation

513142 Component Tests

Spearfic tests (such as component tests, leak tests) will be
necessaty on account of the operational spectrum These
fests have to be required by the customer, They canbe done
by the foundty ot the buyer, Normally static tests are
required but imes also dynamic comp tests wath
defined Yoads are applied,

Heat treated castings used in vacuum, compressed air or
Iiquid fuet dpplications are often pressure tested to
determine soundness and jntegnty of critical sections
Fuxtures usually constructed by the foundry, enable the
casting 1o be pressunzed with vanous fluids to determune
feal rate or Jocal defests. Impregnation of aumunrmalloys
15 place, p 1 P KOI casungs,
aither o repair particular defects of in general to add a
measure of secunty in entical applications,

Commonleak Jetection methods include;
A) Prosurization with helium gas ¢having smaller
y

dustance between sihicon particles located in a random

les than airj and cf Teak detection,
B) Pressurization with &ir while castings are immersed

mannet along a single Line thall be used, The
of DAS is posible f the microstructure of Table $.2 is
obtaineds however, if the microstructure of Table 5.3 is
obtained, then the alternate procedure is necessary. All
measurements used in the evaluation of a casting for
aceeptability shall be made by the same method,

Preferred Measurement Method: Extend a straight ling
2c10s$ an area of well defined structure such as fs lustrated
in Table 5.2, The hine s drawn perpendicutat to the growth
direction of the secondary atms, The average distance
betweenintercepts of sihioon particles along the Itne shallbe

under water, Loaks arc thus detected visyally and this
comprises the most popular and cost effective method
of pressure testing,

Pressunzation with water of o media using a
Aydrautic pump, This method ss usually employed as
anintegnty test for castings employing high pressures.

Normally, the pressure test shalf be carried out after
pl of finish-machuming of the relevant p

In additon, the components must have been cleaned and

degreased intemally and extemally,

C
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Table 5,2

DAS Microstructure

Table 53

DAS Merostructure
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For specific tcsmgdcwls,spearcauonswnuen by theuser

shouldbe with from the foundry.

Sample Specifications:

MTU WAS00  Pressure testing of Castings (MTU Munich,
Germany)

MIL-STD-276 Impregnation of Alumnium Castings

5.14 Quality Assurance at the Buyer's
The buyer performs not only qualification tests dut also
scfies tests (6.8, visual inspections, dimensional checks, dye
penctrant and X-ray tests, metallographic photos and
component tests), Thetype and scope of such tests depends
on the task of the component and_ the mechanical
be fulfilled by the casti thetests
are done by the foundry by approved personnel and the
buyer makes spot checks only, But tlus depends on the
quality of the foundry, the type of the casung and the
confidence betweer  sadry and customer,

5.1.5 Classification of Castings/Casting-Factor
The following specificanons from & part of this handbook.

MIL-C-6021  Castings, Classification and Inspection of

MIL-A-8860 Axrp{ane Strength and Rigidity, General
pecification for
MIL-A-21180 Alumxmum Alloy Castings, High Strength

$.4.8.1  Classification of Castings
Castings shall be classificd by classes and inspected 1n
accordance with MIL-C-6021. Aluminium castings in
dructural apphcations  shall  conform to specified
Allowadle prop based on stauc and
languc test data other than data from MlL—Spcorcauons
may be used subject to acceptance by the procunng s, “aty.
Accordng to MIL-C-6021 there are four classes, These
classes should notbe confused with the four casting strength
classifications (class 1,2, 41, 12)listed in MIL-S-21150

Class I

141

concentrated load introduction), other areas are classified
a3 noa-cntical, This sneans that by specal measures such as
the provision of cooling elements or gating systems, the
foundry can produce the critical arcas with & particularly
fine texture and thus achieve fugh strength values 1n these
areas.

Geometrically cnticat 21625 21¢ 20N 11 whxch the foundry
has toobserve

‘The contractor's design acuvity shall establish the class by
cntical areas and stress fevels for each casung dcs)gn The
classifi ) and cntical ) donthe
applicable drawmg,

5152 Casting-Factor

At present, many certification authonties snll require the
uscofa castng factor p pno

of a casting i the arcraft structure. 'mc following
requirements relate to cavilian aircraft,

Critical Castings*

According to FAR Paxt 25, for each casting whose falure
would preclude contioued salc fught and landing of the
arplane or result i senous injury to occupants, the
following apply

1. Eachcenucalcasing must
2) Havea casting factor of notless than 1 25;and

b) Re«we 100 pemm inspection by visual,
gnetic particle o p
mspectxon melhods or approved equivalent
nondestructive inspection methods.

2. For each critical casting with a casting factor less than
1.50, three sample castings must be static tested and
showntomeet

a)  Defined strength requirements cotresponding to
acasung factor of 1 25; and

b) Deformation requirements ataload of 1 15 umes
the hmitload.

A casting, the sngle fulure of which would ignifi
danger to operating personncl of would reslt in a
significant operational penalty. In the case of misnles,
aircraft and other vehicles; this inctudes Joss of major
components, foss of conteol, unintentional release or
mab-hly 1o release armament stores, of failure of weapon
Enstallation components,

Class 2

A casting notinctuded in Class 1,

Class

Castings having a margin of safety of 200,

Class 4;

Castngs having armargin of safety greater than 200 percent,
o for which no stress analysis is required. All target dronc
castings and acrospace ground support equipment fall in to

3. Examples of these castings are structural attachment
fitungs, parts of flight contsot systems, control surface
hinges and balance weight attachments, seat, besth,
safety belt, and fuel and ol tank supports and
attachments, and cabin pressure valves.

Noncntical Castings:

For cach casting other than those specified above the

fotlowing apply:

1. Exceptas provided in subpmyaphs 2and 3of
this paragraph, the casting factors and
corresponding  inspections must meet the

following table:
(auiing Tagior MIFISIED
2.0 or more 100 percent visuals

this category, except for such entical parts, the fadure of
which would make the equipment unsatisfactory and cause
the vehicles which they are intended to support, to be in-
operable,

Fromthe pointof view of i 2]

also to dinde the eanting into cnucaland non-<ntical zascs,
This applics to .mechanical and geometrical areas.
Mechancally cntiod arcas are zoncs subjected to very high
stanc Joads (arcas with madimum bending moments or

Zess t2aa 2.0 dut] 100 parcert visval, and magnetic
0T thaa 1.5 Yuuch 07 penetrant or equiva=
t mdulmun inspection

3425 through 1.30] 100 percent vissal, sagretic pird
ticle or penetraat, and radioyre
pale, or approved Ivalent noa+
destrustive 1nspection methoda.

2. The percentage of castings inspected by
noavisual methods may be reduced below that

o e ———A e -
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speaified in sub h 1. of this 7 h fc for detailed snf ff The
when an approved quality control procedure v followingss abnef des¢nption of the types of cotrosion.
established There are exght major types of corrosion processes which
3 For castings procured to a specificaton that  willbebriefly discussed. They are
the ies of the 2l
mtcnal in the casting and pnmda for ;:g:?evaniccg;?::g:n
o of these p [’Y test °‘ 3. Puttiag Corrosion
i rom 3 4.Intergranular Corrosion

a)  Acastingfactorof 1 Omaybeused and
b) Thc castings must be inspected as pronded
h 1-of this, h for
c:mmg factors of ~125 xhrough 150" and
tested according to critical castings of this
section

Recent developments on the alunumum castings secior (in
h 1 1

5. Fretng Corrosion
6. Hydrogen Embrittlement
7. Stress Cot, wion Cracking
8.Corrosion Fatigue
521t Generalor Uniform Corrosion

Corrostion of metals by umform chepucal attack 1s the
simplest and most common form of cosrosion, Corroston of

y)yand

aircraﬂ 3 cn occur under normal service

P g P
the consistent apphication of speaific quality
measures have made 1t poswble to  manufacture
reproducible aluminium castings. An essenteal prcrequxsne
for ra!ucmg ot chminating the castmg factor in the near
future has therefore been d (secalso chapter 6).

n arcas where water is apt to
colfect This (ype of detenoration 1 charactenized by
umform cozroston over the entire sutface of the metal and is
caused by numerous and ¢losely packed anodes and

52 CORROS!O\' BElIAVlOUR

The following sections were p ih d from the
AGARD CORROSION HANDBOOP\ VOLUME 1,
AIRCRAFT CORROSION. CAUSES AND CASE
HISTORIES (AGARDOGRAPHNO 278)

521 General

Some arcraft severe

conditions m service, The loads developed 1 flight and
dunng ground manocuvres are generally high. and in the
interest of achieving fow overall weight, structural matenals
are selected that have fiugh strength, high suffness, and low
specific gravity. Hig steength matenals, ncluding castings,
allow excess vmght to be kept to a minimum, Howewer,
other gropemcs. suchasthe abx!ny of thematerials to resist
cotrosive attack are also important. Unfortunately Tow
weightand high strength in aireraft and

thodes of the electrolytic cell on the surface of a single
puecc of mclal ‘n-xcreforc, uniform corrosion <can be
as lytic attack d
surface.

lyand y over th

Uniform corrosion generally affecty largc surface areas and,
provided the corrosion prone area is accessible for visual
inspection, it can usvally be detected fairly carly and
remedral action taken., Uniform corvosion occurnng 1n
scaledanterior areas or other visually non-nspectable areas
can Iead to senous damage unless special non-destructive
mspection methods such as x-radrography and ultrasomic
wnspection are used for carly detection followed by
corrective mamtenance. However, in some cases, a small
amount of uniform corrosion will pasuvate and protect the
metal from further attack, This i true with alumimum and it
is primanly a property of the apecific metal,

5.2.1.2 Gahvanle Corrosion
Gammc COITOMOR octuts when metals of different
M

may not always be compatble with high resistance to
corrosion, and therefore lradmffs mayneed tobemade, By
proper attention to corrosion at the design stage and i
assembly, and by careful i inspection and eatly repait of
corrosion damage and protective systems, it is generally
asmdt!ulcormswnef!cclsonmrcxallmbcnumnmcd It
should be pointed out that castings experience corrasion in
the same manner as wroughl metals, The only dxffcrcnm
could be mi ! with castings exhbiti

| potential are in contact in a comrouve
medum, The less noble metal wall form the anode of the
electrofyne cell and wall be corroded while the more noble
metal will act as the cathode and will remam largely
unaffected. The resulting damage to the anodic metat will be
more severe than af the same metal were ¢xposed to the
corrosive environment wathout the presence of and contact
with the cathodic metal, Galvanie corrosion can often be
discerned from other forms of corrosion because the

porosity and microsegregation as compared with wrough!
stuctyres,

Corrosion is |hc dc;lrucuvc amd of a metal, elemental or
alloy, by ¢h f or {s) with 1y
envirenment. No two metals feay wentically n a given
cnvironment, Several factors are bam in dctcnmmng the
amount and type of comasion. Micro-constituent
composition, location, quantity, continuity and electri

attack is usually more severe at the interface
between two disinular metals,

Based on eaperiences 1n corroson testing and a kaowledge
of the galvanic behaviour of metaly and alkoyy, the tendency
ofmetals and alloys to form galvame celis and the prediction
of the probable direction of the galvaric effect can be
determuned. The galvanic series akes into consideration all
of the speafic aspects of the reaction such as the condition

potmual relative to the base metal are all p

of the materials and the 1)¢aﬁcenvxronmml.'ﬂ\lsmbc

The

GARD  Corrosion  Handbook,  Volume 3,

(I\GARDoy;\ph Na278) provides anexcellent description

of the opsrating environment, corrorion |h<wy. common

aircraft alioys and theit corrosion behaviour, i inspection for
corrosion, corrosion prevention and control f d

§ by 8 the clectnic p
betwoen the two matenals in the caviroament of interest,
Some care must be taken when using the galvanc serics to
assess tho galvanic corroson potential of disstmular metals,
since some metals my occupy different positions in the
d: stateand f: 'num

L} &
1 1¢ cuch Py

and a detaled description of the vanous types of
Ttis recoremended that the above document be used as a

ly observed

which canextstineithera passive state ot active state. Inthe




passive state, most stanless steels will,occupy positions
toward the noble end of the galvam¢ senes, while 1 the
bk droally This heh

13

avery rapid rate, The small area of the anode with respect to
the cathode area s an important factor.influencing the
Th

jsbehieved to be due to the state of th defil
which tend to form on stainless steels due to the unform
corrosion process, This film is believed to passvate the
surface and resist further corrosive attack. When lhc Odee
film s intact and effect

f the grain boundary may

be due to the local segreganion of impunties, or either the

ennchment or depletion of the grain boundary m alloying

clements. These effects may be associated with the

preapxtahon of gran boundary phases, which may
behave

behaves cathodically, whereas a damaged film Teaves the
metal ‘unprotected and it thercfore tends to behave
anodrcally,

5.2.1.3 Puting Corrosion

Pytting corroston is a Jocalized type of attach which leads to

the formation of deep and narrow cavities, All cngmccnng
1s and alloys bie, and the

to pitting vary from metal to metal, dcpendmg n pant on

whether the metal is nommally active or passive. Exccsme

dically with respect to the adjacent

alloy Castings that have not undergone equiiibnum cooling

dunng solidification can have & cored microstructure with

of alloying ck at or near the grain

boundarics thereby causing susceptibility to intergrannular
corrosion,

5.2..5 Fretting Corrosion

Fretting 15 a form of wear which occurs between contacting
surfaces which are undergomng vibratory motion involving
relanve displacements, or slp of small amphtude. The

porosity of apoor ould serve as pref

pitung.

For active metals, umform exposure of a farge surface to a
corrosive medium would tend to cause uniform corrosion
Pitting of an active metal wll occur as a sult of local
wetting, or defects in a protective coating which allow very
localized exposure. In passi»f metals such as stainless steels

Jalum 10 hich 0 3

films, pitting occurs as a result of localized damage to the

protective film, However, whether the metal is active or

passive, pitting involves the formation of small arcas which

ase anodxc wnh respectto lhc restof xhc surfaoe, and which
k n th

of the rubbing surfaces usually mvolves a
{wearand and th

the terms of fretting corrosion or wear oudauon are
frequently used It usually gives rise to the formation of pits
or grooves 1n the metal surrounded by corroston products.

In the classic case, fretting occurs between parts which are
wtended to be fixed by some form of mechan:cal fastener,
but where wibratory stresses cause loosening of the fastener
system to atlow small cychic displacements to occur between
the two contacting faces. Ho\wver, exceptions occur, for
exanple between ball bearings and their races, or between
maung sur{am m osallating bearings and flemble

p ofan

electrolyte,

[n aireraft structures, piiting may occur in many areas, but
arcas subject to focal contanunation by hughly corrosive
media, such as battery compartments, tollet, and gauey

for fretting are
that there is repeated relative motion between the surfaces,
thatthe surfaces arc under loadand thatthe load is sufficient
to cause slip or plastic deformation on the surfaces The
fretung action wilt be more severe, the more aggressive the

areas, are pmrc sites, Puttng 1 p

common in arcraft structures operating in marine

environments since the chloride jons promote the local

dissolution of protective oxide films. Pitting 1n pa.snvc

mnals is uncommon in solutions which do not contain
ide films would tend to be stable and

remain protective,

Pitting corrosion 15 one of the most msidious forms of
corros:on because the pits are often very smalt and dufficult
tosee mlh the naked eye. particularly if they are hxddcn by
2 di 4 eoahnp.’l"hc 2

1, hahs N b hth

thet forms of
corrosion, such as mtergmnutu attack will occur, leading to
widespread subsurface damage. In hughly loaded structures
the stress concentration at the bas¢ of a pit can be sufficient
10 cause fatigue or stress cotrosion cracking to oceur,

.2 14 Imaxmnular Corrosion

The mechanisms of freting are not
understood, however they are generally thought to include
either mechanical wear followed by oudation of metathc
wear debns, or mechancal supture and Joss of naturally
occurnng oude films followed by re-oxidation of the
cxposed bare metal. In cither case, the damage occurs
locally at high points on the contacting susfaces. If the
{rcmng couple consists of dissimular metals, the softer metal

1 sothatthe oxidefilmonthe
softer metal will be distupted, but that on the harder metal
wll remain intact. The softer metal will therefore tend to
suffer the greatest damage due to fretting corrosion, This
concentration of damage wall also tend to increase if the
softer metal is the more electromechanically active metal in
the couple,

Fretting damage is parcularly serious since 1t can fead to

i a highly Jocalized form of

dissofuion which affects the gran boundary regions in a
polyerystalling metal, The comosve attack can produce a
ncmork of corrosion of cracking on the metal surface

d fatgue falures, Under fretung conditons
!mgue rvgom depend mamly on the state of stress 1n the
donthe

qvhc stresses. The durection of growth of the languc cracks

My dustodging whole
graas, of it may pmcxmc deeply into ‘the metal In\mg
betund very finde vmble evxkncc of the damage, This form
of is p ly troubl 1o cast artalhe

strctures,
In fntergranut ion the

beh 4,

ials in lhc gmn

mxh thed of contact stresses and nkcs
\F

* Iy
stressin lhe {remng arca,

8.2.16 lydrogen Embnulement
A great deal of information has been collected in recent
years to demonstrate that environmentally induced farlure

the mml in the grain interiors, In corrosxvc cnnrommms.

may often be the result of hydrogen damage,

Alomu: h)drogcn is a cathodic product of many

dissolution of the anods¢ gran by ly a

forming dunng many naturally
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ing during many plating
of pickiing processes Whether hydrogen ss bberated as a
gas, or atomic hydrogen is absorbed by the metal depends
on the surface chemistry of the metal,

Due to its small size and mass, atomic hydrogen has very
high duffusivity in most metals, It wili therefore penetrate
most clean metal surfaces quite. canily and wall migrate
rapidly. from favourable sites where it may remain 1n
solution, precipitate ay molecular hydrogen 1o form small
pressurized cavities, ctacks, of barge blisters, or 1t may react
with the base metal or with alloying elements to form
bydrides.
The accumulation of hydrogen i high strength alloys often
feads o cracking, and this often occurs in statically foaded
components several hours or even days after the initiat
apphcation of the load or exposure to the source of
fiydrogen. Cracking of this type is often referred to as
hydrogen-stress cracking, hydrogen delayed cracking, or
hydrogen induced cracking Stimlar fracture processes can
occur in new and unused parts when heat treatments or
hining haveleftresidual inthe parts,
and have been exposed to a source of hydrogen. For this

interference £t bushings or fasteners, or are a result of

T¥iceop he cracks may continueto grow untitthe
<component cannolonger sustain them, causing catastrophic
falure,

52,18 Corrosion Futigue

Fatigue involves the itiation and growth of cracks in solids
which are subjected to repeated cyclic stresses. The
mechanical loads involved are generally quite small, and the
stresses resulting from these loads are usually tess than the
yield strength of the matenal Fangue cracks usuallyimtiate
at frec surfaces and at stress concentration sitey such ay,
abrupt changes in section, key-ways, fillet rad, fastener
holes, or intetnal discontinuities such as inclustons or
canities. The total fatigue Iife of a component may be
comsidered in terms of the number of cycles of stress
required to cause crack inutiatron, and the number of cycles
Fequired 10 cause the ¢rack to grow to a sue where the
remaining load bearing cross sectionat area can no fonger
sustain the applied loads. Sudden catastrophie rupture of
the remaining ligament thea oceurs.

When fatigue occurs in the présence of a corrouve
fature usually occurs in a shorter time andan

reason, all suchas pekhing or el pl must

fewer cycles than would be the case in a dry or bemign
¢ Thi

be carried outunder well d
the amount of hydrogen generated.

5217 Stwess Corrosion Cracking

Alloys atc often selected because they are known to be
resistant t fontn a partk 3

is synergistic effeet between fatigue and
corrosion s known as corrosion fatigue, and it may involve
¢ither a decrease in the number of cycles to crack mmtiatton
oranacceleration of fatigue crack growth rates, or both, An
imp feature of fon fatigue 1§ that mech
damage and corrosion damage oceur simultancously and

However, experience has shown that comp may sull
fait by a process fnvolving the induced i
and growthof cracks when a tensil i
jucallevclinthe sutface of the part. W
of crach growth imolvcd the synergistic action of the
an

3 Fanic

the d stress acting atan
exposed sutface, the fallure mode is hnown as Stress
Cotrosion Cracking (SCC), This mode of fafure hay been
called sustained load environmental cracking and is

dependent on the ssmull 1
conditions:

1 The existence of a surface tensile stress of a sufficient
magnitude in the part concerned.

2.Thep f an aggressi i withzeeess to
the surface of the part.

3, A material which i susceptivle to localized corrosion
along speaific paths which may or may notlink up.

1€any one of these factors is absent, the stress corrosion

phenomenon wll not devdlop,

Stress fon is a localized form of ion which is
pasticularlyingidious snceitwilloften occur with hitle oo
visual evidi f surface such as discol

or the bulld up of noticeable corrasion products. Stress
corrosion cracks can travel over long distances with time,

ically, In many cases the two modes of degradation
wll occur successively or alteately, in which case the
damage would not be attnbuted to corroson fahgue, This
might be the case, for cxample, when pittng corrosion
occurred first in a metal component, and then fatiguc erach,
propagation occurred from the base of a corroston put. The
fatigue contnbution to tae farlure process could occur even
1n the absence of a corrosive environment, The correct
description of the falure process in this case would be
pating followed by fatigue, rather than corrosion fatigue,
However, while hypothetical falure processes can be
classified quite casly, and even falures produced under
laboratory conditions, 1t 1s not always casy 10 correctly
classify fadures under sexvice condutions.
5.2.19. Standards
he followd 4 J ¥ r', bl

ASTMBH?  SaltSpray & SCCrevting

ASTMGA34 K01 Corrosion Behaviout

AMS4229  KOISTT Material Spec,

AMS 4228 KOLT6 Material Spec.

MIL-A-21180 KO Material Spee,

MIL-H-6088E 1C. Testing Procedure as related to *heat
treatment of aluminium alloys™

5.2.2 Alemuniumealloy A3S7

andastheypropagate,they fower the residualstrength ofthe
affected part. The cracks may propagate deeply into thick
section parts, while the viuble surface erack fength may
oftenbe quite small,

Once the stress corrosion erack has formed, it will continue

to grow, stopping only when the tensike stress has fallen
below the entkal value, or when the

licon alloys are generally corrosion resistant,
Although magnesium 1n solid solution tends 2o make the
P ial dicand silicon hodie, when both
are in solid solution in the ratio of Mg 25i, the electrode
potental is essentially the same as the potential of
aluminum. In this manner, the strengthening precipitates of
A357 do not promote tntergranulat <orrosion of the cast

is excluded. The erack may permanently arrest if tenwle
residual stresses are relaxed by the frutia) erach, advance, If
the stresses are due (o assembly forces, such as from

Coppet 1s present in AL-Si-Mg alloys to merease strength
and fatigue resistance of the alloy, wathout Joss of castability,

-
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The solid solubility of copper 1 alumimum (disregarding
the effects of Mg, Mn, Si, Zn,.Fe and i) at room
temperature s approximately 005%.  Therefore
theoretically as tong as the copper is <005% i A357
alloys, the alloy should exhibit excellent resistance to
intergranular corrosion. Therefore keep Cu <0 05%to get

2. Quenchin water at 66°C (150'F) to 88°C (190°F) and
hold for 5 sunutes, then air cool to room temperature,

3. Ageatroomtemperature for 12 1o 24 hours

4, Aruficrally age to the T7 temper, 185°C (365°F) to

191°C (375°F) for S hours and then air cooh to room
temperature,

The solution heat treatment step is ent:cal i making good
AZ01 alloy castings. Careful temperature control must be

good corrosion esistance.

T P fable oubliched d 4 may
be concluded that A3S7 has an cxecllcnl €Orrosion
restance for a wide range of See
also Table 5.4,

5 2 3 Aluminium -alloy A201

d in order to obtamn adequate dissolution of
seeond phase 1 the cast structure and prevent incipient
melnng { s burmng). This 15 necessary to achieve good

P ay well as rosi: 10 slress
cracking,

galloy A201 was developedtoach
\upenor strength at yoom and elevated temperatures. It has
been used extensisely 1 sand, permanent mould and
investment cast parts for a variety of apphcalions. However
1na few instances, there have been reports of failures due to
«tres corrosion cracking, Although these have been rare,

Coaungs recommcnded for alloy A20| include xhow
p g wathad I, 01
as an alternate, chemcal conversion coatings such as those
produced by the Alodine 1200, treatment

St i the T4 and -T6 conditions, with anodized

great concern has been exp g the stress
racking (SCC) bl ma]loyAZOI.

Alloy A201 has a nomnnal composition of 4 7% Cu. 0.3%
Mg, 028 Mn, 025 T3, 001% S1, 001% Fe, 06% Ag, and
balance alummium The high copper level suggests that
under certain cond: f heat stress

could be a problem There has been much history of stress
corrosion cracking i hugh strength wrought atununium
alloys suchas 2024,

However, according to the patent for A201 alloy, the silver
addinon 1 essential to impart good stress corrosion

tance. Studies done by the foundry Cercast have shown
this to be untrue and that under certain spegific conditions,
the alloy can be sensitized to stress corresion cracking
Overaging reduces the suscepubility to SCC However,
overaging hasa deleterious effect on ductility.

Ba»ed on lhc re\uhs of lhc sress corroxlon cradung studres
the foll 1 canbe

drawnt

a)  Alloy A201 castings propesly heat treated to the T7
temper are substantially immune to stress com»ion

coatings and with chromate conversion coaungs, have
passed the 30-day, 3%% NaCl alternateimmersion test.

dly. the craching of
A201  the “T6 condition 1s notas good as A357 altoys but
15 better than the high strength forging alloys such as 7075-
T6, 7079F6 and 204476 forgings.

In the T7 conditon requirements include 30 days in
a.ltcma:c immersions of 3/;% sodium chlonde with 10

irunderstress of 75%of
the yield strength, The stress corroston cracking resistance
of A201 alloy is considered to be adequate 1n the T7
condhtion.

Table 54 shows the results of intergranular corrosion
testing

5.2.4 Summary: AFAloys A357 and A201
Basgcally, alloy A357 1s relatively cotrosion reststant for a
wide vanety of chenucal and heat treatment vanations,

Alloy A201 can be sensitive to corrosion pamculaxly SCC
andnoorrcc( bination of s¢fected alloying ele

crackingg the T4 temper gives i
suseeptibility to stress corrosion ¢racking. and the T6
temper s highly susceptible 1o stress corrosion
cracking.

b)  Variations in the chull of solidifi rate of acastng
do not influence the stress cotrosion cracking
resistance of alloy A201.

¢)  Quenchung rate from the solutronizing temperature
exercise  consderable influence over the stress
corroston eraching resistance of A201 altoy castingsin
the T7 temper. Slow cooling from the so!uuonmng

heat are ncccssuy to yield a
samfadory corrosion rcsls:arm pcr{ormancc. Most A201
castungs are alsop with el
coatings with (pcaa] primers or pant before being wsed in
service,

5.2.5 Titsnium-alloy TIAI6V4

5.2.5.1 General
For themost
and scawater equipment, commercially-pute ntanwm
(known as CF) s ideal, Its corsoston resistance, especially in
oxxdmng acnds. xs far ben:r than any stanless steel or lhc

suchas chermicat plant

temperature 10 room Kvere

susceptibility to stress conosxon cndung This is due
to formation of a grain boundary network of anodic
CUAI, particles. Coarse CuAl, patticles in the matnx
donotappear tonfl stress 3
The recommended practice for heat treating alloy A0l to

givas

follows:

L. Solutionize at SUS°C to $28°C{940 to Y80°'F) for 2
hours, increase to 528'C1o $32°C (980 10 990°F) and
hold for 17 hours.

loys. andt: & gth
gooduptoower 750 F(400 <)

Where higher strength or croston resistance 1s needed, Ti-

GALAV (usually called 6-4 alloy) s the standard matenal,

Whﬂc snll retaining good  corrosion mmance. i
are be than

when it fow «ngbumkcnmlu account. The 6-3 alloyh:sa

usefultemperature fange thatis simitar tothat of CP andthe

costof the castings is about the same in cither material,

5.2.5.2 Swrface Treatments
Anu-corrostve  phting 15 not requred on titanium
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Table54
Alloy & Tempex' DAS oxr Corrosion Depth (}:m.)
Grain size (}xm.) (MIL-H=-6088E) *
A201 - 77 120 195
A201 - T7 190 197
A357 - 76 40 8
A357 - T6 110 10

respective testing.

* Maximum allowable penetration of 250 um.
recommended by CERCAST INC. for

Intergranulaxr Corrosion
Testing of Investment Cast A357 and A201
{Foundry: Cercast INC.)

components,as the basic matenalis as good in this respect
as the platings (nickel, copper and chrome) which are
conventiosally applied to ferrous matenals o rewst
corrasion.

5.2.5.3 Corrosion Resistance

Titanum & extremely corrosion fesistant, its alloys bemng

almost as good in this respect, Because of these eacellent
: . AN e S Yo et

Pt 9 ok OYSETE BABIN: sy
for commecial and military engine, chemical processing
and anframe applications.

Tts corrosion resistance 1s due to the rapid formation, in aie
orwater, of a stable oxide film which protocts the base metal,

The data in this section are gathered from a vanety of
sourees

3} Gahunie Effects
Titanium comes highin the galvanic senes as shownin
Table 5.5 and wll not suffer efectrofytic corrosion
when used in contact with other metals, Howewer,
when designing an assembly {avolving titanfum being
in contact with other metals, for use in a hosule
environment, consideration mut be given ta the other
metals involved.

Stainless steel parts should be used in the passivated
condivon, and steel bolts, nuts and washers should
preferably be sitver-plated, Nickel plating s acceptable
for use 1n normal atmosphenc conditrons, Never use
2ine-piated parts 1n contact with titanium,

b)  Seawater Environment
In on¢ test programme, 73 samples of ttaawm (22
pure, the rest vanous alloys) were mmmened in
seawater atdepths 106,780 feet (2067 m) and penods
o 3 years,

There was no measrable corroson on any sample,
this being defined as below G1 muls per year (2.5
microns pes year)

5.2.54 Summary

Titamum casung  applicauons ate wide spread
commercial and mulitary engine, cherucal processing and
airframe applicatons.

Chemical p g appl take ge of the
corrosion rewstance of ttanwm, For example radal
mpellers are used for pumping salt water ina desahinization
plant. Another simifar appheation 1s a farge inducet used in
the torpedo cjection system of a submanne, The resustance
ta salt water 1 2f pame imp in this
applicanon,

Titanium’s high resistance to erosion and corrosion wlt
often extend the hic of a component compared to cheaper
metals, so thatits imtial cost is more than recovered in fower
overhauland repk P andless d
the plantin which itds fitted

1
for
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Table55
GalvaNAIC Sernes in Flowing Seawater 13 fU/sec (4 m/sec)
at75°F (24°C)
METAL POTENTIAL

VOLT*
T 304 Stainless Steel (passive) 0.08
Monel 0.08
Hastelloy C 0.08
TITANIUM (unalloyed) 0.10
Silver 0.13
T 410 Stainhless Steel (passive) 0.15
Nickel 0.20
T 430 Stainless Steel (passive) 0.22
70-30 Cupro-Nickel 0.25
90-10 Cupro=-Nickel 0.28
Admiralty Brass 0.29
G Bronze 0.31
Aluminum Brass 0.32
Copper 0.36
Naval Brass 0.40
T 410 Stainless Stee) (active) 0.52
T 304 Stainless Steel (active) 0.53
T 430 Stainless Steel (active) 0.57
Carbon Steel 0.61
Cast Iron 0.61
Aluminum 0.79
Zine 1.03

*Steady-state potential, negative to saturated calomel half-cell

'.-r-.-__r — O .
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6. DAMAGE TOLERANT DESIGN WITH CASTINGS

61 BACKGROUND

Dunng the fate 1960s there were a number of aircraft
structural fatures which were attibuted to craching
problems in refatively hxgh strength structural materials.
These falures resulted in unacceptable mawntenance and
TEpALL COSty, EXCesve aircraft downtime and in some caxes
Toss of ifeand aireraft.

"l £th

the 1 of fracture mechanics had
rc\d\ed the stage of developmient whers it could be
employed for the first ume as a quantitative tool in afrcraft
falure analysis. Based on the sucpess of this fracture
mechantes approach the United States Aur Force required
the implementation of a damage tolerant analyws 1n the
dengn of all enncal components in new aircraft This was
au*omph;hed through MIL-A-83443 “Afrplane Damage

. Simtlar & havebeen or
dre beng developcd for other agencies, both military and
avilian,

C but independent of the d and

implementation of damagc tolerant denign requirements,

the fthe in p quality all and
ttoth

Gtanum astings has prog) P where theiruse
in enncal aircraft structure now appears poswble. If
produced 1n sufficrent guantity, CoMt savngs of over 30
percent have been demonstrated in programmes to develop
an experimental aluminium bulkhead for the YC-14 and a
vertical taud structure for the F-16, This reduction in cost
with no increase in weight over the wrought product hay
been made possible largely through the ehmination of lap
jonts and mechanical fasteners. Despite these cont
advantages and the fact that several thousand castings are
uscd in secondary structure of many modern aireraft, cast

hadveryl i pumaryload carsyng
ajreraft applications.

Many factors have served to hmit thw extended use
Included are the kack of design allowables, the smposition of
casting factors, and untnown damage tolerance behaviour,
While the lack of allowables and the use of a casting factor
may be isues which are near resolution, the impact of
damage tolerant devign requirements on catical casting
apphcauons ls!argdy unknown and wilt beamajor factorin
thar The der of this chapter
will deal With these concerns and requirements, Hopefully,
damage toferant requirements, when properly apphed, will
epcouragethe reliable use of castngs rather than servean an
additronal barner,

6.2 DAMAGE TOLERANT DESIGN

‘The spplication of damage tolerance to design is not just a
method of caleulating the stress on a part contauming a flaw,
Damage tolerant desgn involves three essential factors: (1)
the assumption of a pre~existing flaw 1n every entical pare,
(2)ananzlysis of the rate atwhich this flaw will grow Juring
theservicelife of a product and, (3) the entical mze at which

way i which tenule and )Itld sxrcnglh values are cul rrcnxly
assured, These will

addittonal cost and require graner expettise in the quality
controf and acceptance process Some foundnies and users
may not be willing to undertake these changes.

None of the current damage tolerant requirements refer to
castingsormake anydmmcuon between product forms Itis
h dintentof thep y refs dMIL-A-83444
to ensure that the maximum imual flaw size 1n any matenal
wilinot grow to asize suchas toendanger fiightsafety atany
time dunny the design fife of the aircraft To asast in the
application of MIL-A-83444, the United States Ar Force
has prepared AFWALTR-82-3073, “USAF Damage
Tolerant Design Handboos Guidelines for Anafyss and
Design of Damage Tolerant Awrcraft Structure”, This
document contains the data to support the ratonale and
assumptions in the damage tolerance requirements and
recommended practices! A compamon document (3
volumes) MCIC-HB-01R “Damage Tolerant Handbook A
Compilation of Fracture and Crack Growth Data for High
Strength Alloys™ has also been published 2 This document
provides a mngle comprehensive reference source on
avatlable fracture mechamcs data. At the present time
(1987) no data on castings are inctuded in this comprlation
although sufficient data should be available on A357 and
A201 2luminwum, for incluson 1n the next reviston

Figure 6 1 15 a somewhat smphfied illusteation of how the
three damage tolerant factors wilt anfluence predicted hife
and entical crack size. In thus case, the baseline data are for
20241851 tes’ed toan F-16 fuight boad spectrum Hwoular
nteal flaw sizes and crack growth rates arce assumed for a
casting, changang the fracture toughness Jevel from 22 KT
Vin 242 MPa ym) 10 13 KSI 1n (14.3 MPa ym) would
reduce the predicted areraft hfc by almost S0 percent

While the remainder of this section will refer pnmanly to
Aumimum casungs which represent the majonty of
cxpenence and avalable data, the application and
requirenaents for the use of ttamum castngs 1n foaded
structyre will be snutar

6.2.1 Durability Design

Tn addition 10 a damage tolerant analysis the Umted States
A Foree has recently amtiated  durabihty  design
requirements, Durability 1s a measure of the structure
resstance to fatigue cracking during service and a statwticat
asessment of the repane cost Astongas suchcracks canbe
cconomically repaired, the analyss 1s concerned with small
crach, sizes whichaffect life-cyclo-costs rather than safety of
hght, Durabiliy requirements are speafied m MiL-A«
8722), the “USAF Durability Dewgn Handbook
Guidetnes for the Analysisand Design of Durable Aireraft
Structures™ Where casungs are employed as load cantying
members 1n miitary aircraft, whether pnmary structure or
niot, they will be subject to such an analyms. From a foundry
standpaont, the quality control pracnm descnbed in thiy

this crack will cause comyp failute, The !

producer and the designer are equally responsible in the
success of a damage tolerant approach, To manufacture a
casting Which can be used ina damage tokerant design the
(oundry must undcmand and apply the use of pon-

beyond the capatulity of
coaventional x~ray lcchmqucs, Inaddinon, for the finstime
metallography will be required 2s a quality acceptance
procedure, Fracture mechames testing may be required to
venfyand g fracture toughness values imilar fo the

Js to ensure adequate damage tol will alw
relate todurability. For the designer. although the analyas i
different, the mechanscal property data requicements are
<ssentally the same.

6.3 INITIALFLAW SIZE

Inadamage tolerantanalysis the instial flaw sszeas thelargest
flaw that can be assumed 1o b in a structure at the tme of
manufacture. From a practical standpaunt, thiy represents
the Targest defect that may not be found dunng quality
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Inwrought
ghtp
the form of inclusions, l'oxgmg laps, forming cracks,
scratches. eic. For the most part these defects are of an
external nature and are identfied through visual, Xeray,
ultraconic, eddy-current, and liquid penctrant inspection,
On the other hand castings are pamcularly wvulnerable to
d:fecx\ such as gas porosity, mxema\ shrinkage, and dross
User ques fot castings are, for
the most part limited to Xeray radwgraphy (for internal
flaws) and liquid penetrate (for sutface flaws) From a
practical  standpomnt, 1nternal defects are currently
detectable when their size is greater than onc percent of the
thickness of the material being examned, asuming
inspection j$ not masked by excessive porosity
Speaific imtal flaw sizes arc recommended in MIL-A«
83444, These values are essentially 005" (127 mm) on one
wde of holes and cutouts and 6 125° (317 mm) for surface

n pre-craching fracture toughness specimens
asshownn Figure 6 4

Theuscofmetallograph 1< on dend
orcelt d w—mm—m
tensile propcmcs ofthe A357 aluminium alloy has recently
been imtiated. The long term impact of these controly with
their inherent finer microstructure, on crack growth bas not
yet been established for producton castings Other
conuderations such ay the effects of weld repair on crack
growth rate are also under tnvesgation, but st may be years
before these rel hips are firmly establihed, In the
meantime, 1t appears that the crack growth resistance of
castings will not be a dx\quahf)mg factor for therr
application n entical Yoad catrying structure

6.4.% Fatigue Crack Growth Rate Data

crack Ienglhs at locanom other than holes Where the 6411 A20077

bility for identify Figure 6 5 shows fatigue crack growth rate data obtained
smallerﬂawuzcs‘ h W ﬂawu es can b d from five sp from two p of step block
withhnprocurementagency. In thecase 0"*‘“"8&“‘9 user  castings of A201-T7 alloy. Thae \peczmem were tested at
should beable to justify the use of the flaw sizes specifiedin - the AFWAL M \[$1 yS The were

MIL-A-83444,

A durability analyms roquires anumtral flaw size of 0 01 inch
(0254 mm). However, this is only a specified starting point
for durabslity analysxs and should not be con‘used with an
mspection q a d above for
damage tolerance,

64 CRACK GROWTH RATE
The rate at which a flaw will grow unul 1t reaches a cntical
crack sizeinastructure canbearather clusuw vatue C:ad.
growthates for wrought products d
(max stress) of the appli cd stress, the Tatio of migimunm to
maximum stress (stress ratio). and the environment
(hunudity and tempcra(ure). The ordenng of loads or
speetrum ffects are alvo important in refating the hife of &
crack growth specimen to the actual life of a component.
The genenc standand for crack growth testing of metals at
constant amphitude is contained 1n ASTM £647. Although
castings are not affected by ‘pcﬂmcr. orientation, the
estabinhment of valid data is difficult due to their
growthch aswilibed dlater.

While the above effects are very complex, overall it appears
that the crack growth rates for castings compare favourably
with the crack growth rates for wrought products. In fact,
somedatasuchas those shownin Figure 6.2 indicate that the
potential for superior ¢rack growth charactnaties for
casungs may exist® In this ;xudy several samples of a cast
d fonger +p fatigue

lives than cither the fastened or adhesivel
bonded components, Unfortunately, the scatter in the
canting data was such that other \amples alvo extubited the
shortest hives, Consequently, the designer can not presently
rely on the high values, Very luttle is quanutatively known
about the effect of casting discontinumties on crack growth
rate.Ith nothaown whethee the growth rate willincrease as
18 gocy through an arca of high poraity as the small voids
hnk up (as 1 a roll of perforated paper) or whether each
void wall tend to actas a erack stopper, temporanly slowing
the progres of the crack, Uung typical crack growth
specsmens developed for wrought products as shown in
Figure 63, invesugators have had problems with
growth rates, by ing, and uneven crack
fronts with castings. This difficulty Bas abo been

L3

standard compact-tension (CT) speumens. 0.368 wnches
(9:35 mm) thick (B8) and 2 600 nchcs (50 § mm) wide (W)

Allchemustry was within the followtng lumuts:

Copper 4.5=50percent
Silver 0.5-~1.0 pereent
Manganese 020-0.50 percent
Magnesium 025-0.35 percent
Titanium 0 §5--0.30 percent
Iron 005 percent max
Silkon 010 percentmax
Alummnium Balance

Ulumate strength, yicld strength and fracture toughness
values were reported by the supplier to be 60 KSH 55 KSI
and 3033 KSI /inch (413 7MP3, 3792 MPa,and 33 0=
363 MPa Jm) respectively, Crack growth tests were
conducted in accordance with ASTM standard E 647,
“Standard Method for Constant-Load-Amphitude Fatgue
Crack Growth Rates Above 10=8 m/cycle™ Speaimens
were pre~cracked and tosted on a 25 hp (112 KN)
el«tmh)\lmuhc fangue machine. Crack length was

ly using a travell AnRratio
of 01 was apphed \muwnlally at 25 Hz Al tests were
conducted at room temperatyre in lab air,

‘The seven pasnt polyriomial method was ued to convert the
“a” versus *K”™ data 1o values of “da/da” versus AK™ A
companson of datain Figure S, mith sumilar data trom MiL-
HDBR-5D on 2124T851 wrought plate 2 inch (S0 8 mm)
- § inch (127 mm) thick, indicates that, wathin the 10~ to
107 inch/cyele (254 X 10+ 1o 254 X 10™ mm/cycle)
range, both matenaly have simufar crack growth rates.
Dunng testing it wa nom! llm lhc {augxc crack !olkwvd a
tortuous Whule th

apparentiy contnbutes to the good fatigue crach grovuh
rewstance of A200T7 it makes the stress nteasity
measurements fess exact.

6412 ASSTTO

Speamens from umilar step block castings of A3S7T6

lmm tan different producers were aM tested. Specimen
o5t and Jures were

the same as for the AZOI"U alloy /\Iloy chemuntry was

e wm e

R
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wthinthe b eept for fow §

97CGH
Sihicon 6.5+7.5 percent
Magnestum 0.55~0.65 percent
fron 4 20 percentmax
Titanum 010020 pescent
Beryllum 003007 percent
Zing 010 percentmax
Copper 0.20 percent max
Manganese 010 percent max
Alumuium Balance

The results from three specimens from producer B castngs
are shown in Figure 6 6, Speaimen 36CG1 results deviated
from the others at Tow K%, At a stress intenwity of
approvmately 1 KSIyin (133 MPa Jm) ‘m)and above, all of
the produces B rc\sulh'x\sume the same form,

Thecrach arrestdatabascd on producer A castings revealed
somewhat greatet scatter as shownan Figure 6.7 Atlow AK
values speamen 89CGH had the least crack growth
resstance while speaimen Y7CGE had the most erack
growth reswtance. The Jow silicon speaimen 97CGE was in
line with the other producer A plots.

The Boeing company has donc ayprmab!c crach gromh
ral

platewhich, intutn, had better crack. growth behaviour than
any of lhe7000 senesalloys whichthey tested, Thebasis for
howna Figure 6.13.U from
acasting standpoint, MBB also concluded that the residual
trength of the A357, using hed plate, was fower
than any or the wrought products. This concluston based on
the datain Figure 6 14 is somewhat reflected an the fracture
toughness data reportedn Section 6 5 1 of this report

6413 TioAl-#v
Ti 6AL-4V s the most widely produced utamum alloy
both the wrought and cast form. As with wrought
alurunium, wrought tranium benefits from subsequent
mechameal  working  which  altows  nuerostructural
oonf guranom not powble with the cast part. Without
f between castings and
the wroug.h( product show up pnmanly i reduced fugh
cycle fatigue (of crack imitiation resistance) for the castings,
However, titamium castings appeart to be more amenable
than dlumuum to vanatons m thermal processng and the
benefits of hot isostatic pressing (HIP), to the point where
ttanwm alloy castings can be produced with propetties
which can be compared to the wrought product.
M this bility is due to a phae

f.

tesung of A-357 5 from

cant bu!kheads for xhc YC-l-i axrcmf‘ ’Ihesc “bulkheads
P 3 These tests were
g und.rsmular d h fousty shown

in titanwm from alpha to alphatbeta at
temperatures well below the soldification temperature
(bea teansus temperature). The cast beta structure 1y

£ d wmto 2n 2lpha colony plate structure which is

AFWAL tests except that the stress ratio, R.wa\() 06 rather
than 0 10, The test data fs summanzed in Figure 6 8, which
alwo shows upper and Tower bounds of similar data from
<eparately cast test bars, Of all the specimens eut from the
bulkheads, four of these speaimens contnbuted to the
maponty of the scatter shownsn Figure 6 8. Figure 6 9 shows
these yame crack growth dar wath these four specimens
excluded. Boeng's examination of lhcse four spmmcns
ndated & shight ingrease hrnkag pared to

much the same as the beta annealed structure i wrought
utznum products. This results 1 smproved creep and
fracture resistance withcut aloss in fatigue crach growth

The major benefit of the HIP process is to improve the high
cycle fatgue strength of castings through pore closure
These fugh eyele fatigue benefits are shown in Chapter 3 in
thiy handbook. The overall crack growth charactenstics
which are selatively unaffected by cather vanatons

thz otners,

Additonal tests on Boung bulkhead castings were
ronducted at AFWAL ata stress ratio of R = 0.20 and very
carefully controlled conditions of § percent dry e These
data aro shown an Figure 6.10. Relatively hittle scatter is
noted in these dataand that presentis on the nght or slower
crack growth side of the curve.

the HIP process, areshownin Figure 6 15

White the benefits of such improvement practices are well
documented 1n the literature and are standard practice at
several foundries, they are not yet covered by recogmzed
industry of governmens processing standards

65 CRITICALFLAW SIZE
Catical flaw size is the size at which growing cracks will

Foliowing the success of the Bocing CAST prog an
effort wanmitiated to design, build and test an expenumental
vertieal taif for the B-16 aireraft? The prehnnaaty design

table manner and cause the specimen or
cmaponcn( to fail, The enical flaw size as a funcuon of the
[x;murc !oughncn (I\,,) s wellas applm! stress chturc

was baed largely on the CAST data.
Venficanon of the design included the crack growth
cvatuation spedimens subsequently extracted from the cast
takstructure, These dataare showninFigures 6 1t and 6 12
The data included three different “R* ratios and twa
humidity condmons. I)nf!erenm n cml gronthrateducto
stress rati t,d appeartobe
any less or more severe dun obﬂcnvd for wrought
alumimum produdts,

Cat A3S7Towasiciuded fthe

tough 1o

castings bccau‘c. for damage critical amshcam)n\ the
soundnes will have to guarantes castings to meet toughness
requirements an the same way that tenwle values are now
guaranteed The guaranteed values may not necessanly te
inctuded iindustry speafications, but they must be agreed.
upon values negotiated with the customer These are the
vatues the designes will use in hus design and obviously the
application Wil pot reach jts desired hietime if these
guaranteed valucs sre mitmet A typical fracture toughness

fracture properties of a number of wrought 3110)\ including
2024T35), 747577351, 7050T236, 7475776, 07516,
707577351, 7178:T651 and 6061T651.* This programme,
conducted by MBB UT Bremen, repotted data on A-357
which compared well with the Bocing and AFWAL data
previouy dicussed, Tn the MBB report the A<357 had
neatly the same crach, growth characteristics as 20247351

h was shown in Figure 6.4 and the appropnate test
methods are fully descnbed i ASTM E-399.
Unfortunately, 1n order to obtain vahid tov data on castings
the thickness of this spocinkn may have to exceed the
Wlon mdnm available from typical acrorpace castings.

test a1 of prodong may
hm wbe dcugncd ntoa Pt In some cases other tests
such 2 R-cunve and Jantegral evaluations, (which are also




Sbedin ASTM testmethods)mmayh beneg 4
asa substitute.

The alummum industsy has denufied speafic wrought
alloys as the only ones on which fracture toughness
guarantees will be given. These alloys are, for the most part,
simular to non-guaranteed alloys; but with tighter chennustry,
patticularly on elements Which have been showh o be
fracture toughniess cntical For examplé, Fe and Si are
Yowered in modifying 7075 anid 2024 to produce 7175 and
2124 respectively Fracture tough & d alloys
sich as 7178 and 2124 wall generally sell at a premuum t6
cover these tighter chemistry controls and the expense of
quahfying fracture toughness tests This approach of
wrought alloys appears to be logrcal for casting alloys. The
new AMS speatfications (AMS 4241 and"AMS 4242)
Include both metallographic controls and tighter chemistry
than that speafied for A357 and A201, The designation for

these new altoys 1s D357 and B201.
The f-the-art in the develop of induswy wide
and Hographic controls for high

performance ttanjum castings is not as well developed asit
15 for the alumimum product, However, the basis for such
quality control does exist and the potental payoff for such

d and the app of such standards is
qute high In the mcantime, any fracture toughness
guarantees have been the result of indmdual
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these data are in company reports* *R” curve data, welding
and thickness effects are addressed. For a speamen
thickness of 571 in (14.5 mm) they reported an average Ky
valueof 34 42 2KSI in (379 + 22 MPaym).-

65,2 A357T6 (Boeing)

None of the sp d from the exp
bulkhead produced during the CAST programme at Boeing
exhubited valid K, numbers.* They did obtan Kq values on
A-357 ranging from 13 9 KSI in (15 3 MPa ym) to 244
KS1/in (26 $ MPa Jm) whichare showninTable 6 18 Pre-
design test data from Boeing on separately cast test plates
are shown in Fable 6 19, In this case, four tests did resultin
valid K, numbers 1t

6503 A3S7T6(General Dynamics)

Fracture toughness data from the General Dynamics
programme to fabricate and test an experimental F-16
vertical tait also reflect this dufficulty? Table 620 shows Ko
values from A-357 specimens cut from this il structure.
While invalid by ASTM ¢nteria, these numbers are all well
above the value of 13 KSI yin (14.3 MPa ym) which was
taken from the CAST programme and used in the damage
tolerant analysis of the F-16 component.

6.5.1.4 A357T6 (Northrop)

8

between the customer and foundry

6.5.1 Fracture Toughaess Data

Plane strain fracture toughness data (Ki) on advanced
aluminium castings which meet ASTM E-24 requirements
are excecdingly dufficult to obtain, Thus is largely due to
unequal growthal portions of the crack 3
the need for a thicker specimen than is usually available
from castings to ensurc a plane-strain condition at the crack
tip. To ensure this plane-strain condition, ASTM defines
fracture toughness valucs as "Kg" which become valid *K, ™
numbers only after meeting certain cnteria speafied in
ASTM E-399. Very few specimens tested in any of the
referenced  programmes  met  the  ASTM  validuy

qui Thevatid Ky, valuesfor A3ST-T6 ranged !,

160 to 194 KS1 yin (175 to 21.3 MPa {m). In contrast
typical values for wrought 2124-T851 plate ran froma low

Another f fracture toughness dataon A357 was the
Northrop p to study p ing effects on A357
and A201 g alloys* The A357d. h Table

621 None of these valucs passed the ASTM enteria

6.5.1.5 A3S7T6(Other Data)

Data were obtamned from the Premium Casting Davision of
ALCOA, a producer of A357) Two of theur four tests
developed vahd K; numbers. Theit dataare shown in Table
622

Martin Manetta Acrospace evaluated A3S7-T6 for large
diameter ¢lbow castings in a space system, They used a
semi-elliptical surface flaw specimen and obtaned Ko
values of 23 and 27 KS1 yin (25.3 and 297 MPa Jm) on
parent material and 23 and 26 KS1/in (26.4 and 286 MPa
Ym) on weld repaited testplates Thesis consistent withthe
previously referenced Northrop data which atso included
T t { ind showed

of 17 KSt vin (18.7 MPa ym) in the short
direction to values of 21 to 37 KS1 yin (231 to 306 MPa
ym) in the fongituding durection as shown in Table 6.16,
Ob et b !

ly, the ofah gs wall

P lossof Ky 1nthe weld
6.3.0.6 Summary of AXS?T0 Ko Data

Ananalysis of the A357:T6 data from four different sources
in Tables 6,18 through 6 22 is shown in Table 6 23. Dataon

need improvement to bc?ully compeutive with wrought
products in the longitudinal and direeti

The small amount of Jata that do exist on the fracture
toughness of titamum castings indicate Ky, tests on castings
may be no more difficult to make than on the wrought
product, However, duc 10 the wide variations in thermal
processing that are avaulable for both the wrought and cast
materials, reahstic comparisons between the two forms
should be made with caution,

6511 AXIT?

The Notthrop data on step block A201°T7 castngs are
shown inTable 6.17. All the values were valid Ky, values. As
these vatues rangod from 23210 332 KS1in (25510365
MPa /m), it appears that the A201T7 alloy will have
supenor fracture toughness compated tothe A357:T6 alloy.

Swns Aluminjum Ltd has done iable eval

all thuck i dated, Of these 41 Kg vatues, sixare
vahid Ky, values per the ASTM E-399 requirements. The
validuty of these requirements for K, 15 evdent1n that the
vanance 1n the valid data is only a fraction of that of thenone
valid data. Even though the mean of the valid datas lower,
an esimated destgn value at two standard deviations below
the mean would actually be higher than if the nonrvalid Ko
daty were comidered,

63.0.7 T16AISV
Thble 624 shows 1ypica fracturc toughness data on
commercially avatlable ttanium castings that were available
from several sources at the time of this report. Of these data,
nong aere valkd per ASTM K /yicld thickness cnteria, No
crack cutvature vatidity checks were made. The only ASTM
vahd data were data 0 matenal which had been s:a,bim to
\ i These

pf of
the A201 alfoy in both the T6 and T7 conditions, Most of

piop y thermal g
valid K, vatues (whch are not shewn in Table 6 24) ranged

[T
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from $32 KSI yin (585 MPa Jmy to 73 6 KS1 yin (809
and longitud;

This effort wovld indicate that a simifar proceduse might be
d

MPa /23) which are typical of
K. values for STA utanum plate, Had larger specimens
been used on the conventionally processed and HIPed
castings it can probably be assumed that values would fall
between those shown as Ko, numbers in Table 6.24 and the
propnetary processed material, e g, 7090 KS1 yin (77—
99 MPay/m).Such dvah ical for Ti6AL-4V
wrought anncaled material

Tt should be noted that the faiture to obtain a sigruficant
amount of valid fracture toughness data on Ti castings was
generally dueto the relatively high Ko/yicld strength ratioof
titanium and ‘ot due to difficulties in the pre-craching
process as has been the case with aluminium castngs, This
same Ko/yield strength problem arose during the mba)
development of K . data on'wrought Ti plate and specimens
asth'chas 3" (76 2 mm) were necessary to obtain vahd dara
on re-crystallized anncaled material, Tt has been estimated
that 2* thick specimens would be necessary to obtain valhid
data for most of the cast material'histed in table 624,
Hopctully, such data wll b ilableinth future
to expedite the application of a darmage tolerant analysis to
Ticastings.

66 METALLOGRAPHIC CONTROLS

Itis 2 common observation that a finer mucrostructure will
improve teasile prop Chulls are ) Joyed
10 obtain a finer structure in entical casting areas, While a
finer stucture is desitable from a tensde property
standpoint, 5t is difficult to non-destructively measure or
inspectthe mi ¢ qualiy standp

A major step in this direction was work at ALCOA,
followed by an effort by Bosng 1n the CAST programme to
relate dendntic amm spacing tn aluninium o the tensile
aligwables. Results from the expenmental bulkhead used in
the CAST programme resulted in the allowables shown jn
Table 625

cloped for an industry vade speaification for titanum
castings.

6.7 DESIGN ALLOWABLES
Design allowables for military and awltan arcraft
manufactured in the US are contaned in MIL-HDBK-$,
which has been mai and updated 1y stnce
19383 ‘The “A™ allowables i MIL-HDBK-S represent
values for which at feast 99 percent of the population 15
cxpectod 1o equalor exceed witha confidence of 95 percent
“B” alfowables rep %0 percent d: at a
¢onfidence himit of 95 percent Common Practice 3s to
fequite "A” allowables for primary foad path structure. In
order to ensure statrstical reliability of the values from one
fot of material t6 another, MIf-HDBK-5 requres, among
other things, the existence of an industry wide approved
specificaion 10 ensure that futute production will be
withthat whch the all were
developed In addion at feast 10 lots of matenat and 100
speamens are requited. Using these onteria. namerous
Yo 10 devel

anpmpnhu b p allowat form“m“
In the past, these efforts had been unsuccessful due to the
wide variationin prop h be obtamed both within

a gand i ting design her. Asaresult,
cach casting had its own stanstical propulation group witha
rather wide spread. The computed allowables not only
fatled to meet the MIL-HDBK-S "A" and *B* allowables

il for a sngle population group, but 1t all data
were grouped, the resultant allowables would have been too
low ta be useful, cven though most of the casting strengths
were quite high, The AMS speaifications previously
Teferenced (AMS 4241 and AMS 4242) were developed to
control the umiformity of the cast product and may be a
breakthrough to the allowables problem. They control
uniformity through tighet controfs on chemisteyand the uae
of meallography g, grain size or Dendritic Atm Spacing
controls. The metallographic limitations relate to
solidification rate which ia turn relate to tensils propertics
Using these new specifications, a proposed set of *A™ and
~B"all tomed and

$ince then, Northrop has also shown that ighter controls on
ess, heat and p wll
significantly improve the Y of the d

dntic arm
spacing to tenwle property relationship.? Figure 6 26 shows
some of the Northrop results,

Subsequently, Bocing has reported that cel! size of the
microstiucture combined with silicon particte aspect ratio
and porowity may be a more reliable mcullograg‘h.ic quaity
contzol too! than dendntic anm spacing alone.t® Cell size

ble 10 4

bles for D357 havebeen devilop being
considered for publication in MIL-LIDBK.S, However, the
use of these new speafications and allowables are not
withoutaddstional effort, understandingand coston the past
of both the foundry and user, This is because appropnate
metallographic limutanions for ¢ritical areas in the casng
must be cseablished and each productioy casting must be
ron-destructively  fnspected  to insure  that the

measurement may also be more
e’ bo trodet o 1 Sordntt

arm sp&mg,

As previously shown, mechanical propertics approaching
those for wrought products can be obtained on a cast
sifucture, but not on & consistent basis, The proposed

ture conforms with these b

6.8 CASTING FACTORS

For many years castings have pot been asyociated with the

qaality level and consistency of product necessary for

critical aireraft compoaents, As a result, both avilian and
oty N

metallopraphic conteols should result in more

Hographi datatc propertics although they
may not necessanly ncrease the maxmum strength level,
While the cffect metallographic controls wall have on
frac ighness s unk hniques thatwillinctease
product umformity should alsa increase the consistengy in
fracture toughness, Specification ARP-1947 has been
published to provide a procedure for dendrite am spacing
measurement and control of high strength A357 aircraft
structural castings.

Somewhat similar effort has been conducted on Ti 6AL4V
relating alpha platelet thickness 10 mechanical propetticst

miltary auth have imp hat arbatrary
casting factors to increasc the margn of safety for castings
ower that required for other products, Unsuccesstul efforts
to develop design allowables oy castings have, unul now
Tefleted this inconsistency and venfied the uss of such
{sctors,

For ciwlian aircraft in the United States, these factors are
speaified in Federal Acronautics Regulation (FAR) 25,
These regulations sequite a factor from 125 to 200
depending on various degrees of inspection to which the
€asting i subjected and to the enticality of use, The US Air
Force requies a marpn of safety of 33 (133 in FAA

»
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terminology) as spedified in MIL-A-008860A, The US
Navy requires no casting factor as fong as the castings 2re
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Bulkheads™, AFWAL-TR-80-3021 Part I, Apnl
1980,

procured under MIL-A-21180 MILA-21180 covers A357, 6 Tirpak,JD
A201 and several other alummum cast alloys. This *The Variability of Fatigue Crack Growth Lifeof Cast
P doesnoting! Alumium Alloy A357-T6", as AFWAL-TR-86-
During the last decade the state-of-the-art for premium 4115, . .
quality casting has rapidly advanced. Several thowsand 7. “Cast Alumunum Pnmary Aircraft  Structure™,
castings are commonly used in each aurcraft, However, with AFWAL-TR-84-4070, Vols 1 and I, September
vty few exceptions. none of these castings are used in 1985,
primary lom! carrymg structures Those that are used in 8 Schwarmann Luder
talways stiffiess or of - Al Alloys  C
modu!us-cnucal rather than load-¢ntical, This 1s because Slrcnglh and Damage Tolerance™, UT-111/85,
the xmp)ememahon of a casting fador sxmp!y makes the Report TE 374/0723/85, MBB-UT Bremen, Aug
198S.
casting 3
the past, use or these casting l'adors has bc:n )usufed 9, OswaltKJ
However, with the quality fevel avallable today, casting “Manufactunng Methods for Process Effects on
factors become redundant f statistically denved design Aluminum Casting Allowables”, AFWAL-TR-84-
Py o i I 4117, March 1985
a fi whi bodies effective 1 hi
heat-treatment, chemistry and NDI controls. The 0. ?Sr:::::r;d k:fpp Fracture  Toughness  Data™
chmm-w? of g emung factor Wil not be casly (ALUSUISSE Fest Report 16/83 1n German). Jan
crent w 1985,
undoubxedly bave different ¢riteria for approving non~ .
factor use or acceptance, Generally, however, it wll firg 1. “Cast Aluminum Structures Fechnology (CAST)™,
require the development of A and B design allowables on 2 Quarterly Test Report D180-20459-4, Apnl-June
given cast alloy Until recently, this had not been possibleas 1977,20d D180-20159-7, January-March 1978.
discussed nSection 6.7 O; foped,the 12 “Mechanical P . Fracture Ch and
second step will be the Tmplementation of foundry fevel Fafigue Tests of Premium-Engincered Casting
control of the metallographre structure of each casting. The Alloys™, ALCOA Premwm Casting Div Dept No
firsg producnon casung will ha»c 1o be cutup to establisha Date.
tensile strength sntenon Bach g3 nrora M, Lerteshewshi
b 3 . Ler iSD, Bolstad DA
subsequent production f"(‘;‘zﬁsu;‘" have u::ahll); *Fracture Toughness Evaluation of Premium Quahty
l’:olo.nganons on cach cavting to further confinm heate ﬁz:g;;rgf;’;?s »Martin Mancita Acrospace Test
treatmen wil red. .
; m lresp:msc ' al.sobcrfqm o 14, Eylon D, Froes FH, Gardiner RW
or castng f us *Developments  in Titanjum  Alloy Casting
may vaty, In Great Bntain the requirements are included in Technology™ Journal of Metals, Vol 35, No2, Feb
various sections of Defence Standard 00-970. In essence, 1983,
this standard requires the use of a casting factor only for
fught cnical structures where A and B allowables are not 15 ?;,’“esz SM, Sm;:c)rdgy '[U Dard L!i Cont
available, Under sach conditions, a factor of 1 6 is required T“’“”'.n%;& 1 : I;‘gmnma onference on
for aluminiury «and castings, In West Germany, a casuag jtanwm®, Sep
factor of 1.33 is specified for Military, and 1 25 for civilian 6. Baaer, W)
aireraft *Evaluation of Ti 6A-4V ELY Investment Casting™,
Marun Marictta Acrospace, Michoud Division, Test
pa
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Table 6 7

i

$

! Yield Fracture Reason Producing

H Specimen Strength Toughness Not Yahhd foundry

1 (Ks1) (xsi4TR)

i
128P 63.2 23.2 vatid ch Producer €
1284 59.4 2.9 Yalid Kie Producer €
S/N 20 54,8 33.2 Valid ch Producer 0
$/N 30-1 60.1 30.7 Yahic Kre Producer 9
S/N 32-1 §5.2 32.8 vahe Kie Procucer §
Standard Deviation 4.62
Mean 28.96
Variance i7.08

Fracture tougl results on 0 80" wide from cast test blocks of A201-T7, Northrop data (9)
Yield Fracture Reason Producing
Specimen Strength Toughness Not Yalig Foundry .
MPa MPe o/E

128p 443 25.5 Valid Kyo Producer C
128A 4% 2.4 Valid ko Producer €
S/K 20 383 36.5 Valid ;e Producer D
$/8 30-1 420 33.7 valid Kye Producer D
S/K 32-1 414 36.0 Yalid ch Producer ©
Average 434 32.9
Standard feviation 5.08
Mean 31.83
Variance 18.77

Eracture toughness results on 20 32 mm wide specimens from cast test blocks of A201-T7, Northrop da'a (9)
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Table 620

7t

W

Ne. B A P le Error
{IN) {IN) (IN) RiL) XSI{IN}3
-2 0.295  1.995  0.987 1010 23.1 No AB
-5 0.154 1.999 1.011 5740 25.8 No AB
-7 0.293  2.003 0,953 105005 22.7 No AB
~10 0.248  2.002  0.921 12809 30.1 Ko AB
Fracture toughness results on 2” wide specimens extracted from F-16 verbcal tak castng A357-T6, General Dynamscs
program (7)
No. B W A PQ’ KQ ch trror
(M) (M) () (N} (Mpa /P
-2 7.49 50.67 25.07 4493 25.4 No AB
-5 3.91 50.77 25.68 2585 28.4 o A8
-7 7.44 50.88 24,21 4671 24.5 No AB
=10 6.30 50.8% 23.30 5471 33.1 No A8

Error Codes:

Yield Stress given as 36.000 kSI (248.22 Mpa).

o O m

Insufficient thickness

Phtax

/P, Exceeds 1.1, RSC is given

Minirum Surface Crack Length is Jess than 90 percent.
Crack Curvance is greater than 5 percent.

Fracture Wughness results on 50 8 mm wide specimens extracted from F-16 vertcal tal castg AIS7-T6, General

Oynamics program. (7)
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Fracture toughness resuits on 0 8" wide speaneab’n?l;r:r; cast test block of A357-T6, Northrop data (9)
Yield Fracture Reason
Specimen Strength Toughness Not Valid Remarks
S {KSI) _ k(KSlwﬁK)
9193-1 46.1 25.4 b Foundry A
9193-4 46.0 26.6 c, d Foundry A
2237-3-7 44,1 26.7 2, b, ¢, d Foundry 8
2244-2-8 45,2 25.7 a, ¢, d Foundry B
2256-4-2 44.1 26.4 a, b, ¢, d Foundry B

Average 26.1

Yietd Fracture Rezson
Specimen Strength Toughness Not valid Remarks
(MPa) (Pa —/F)
9103-1 318 27.9 b Foundry A
9193-4 317 29.2 ¢, ¢ Foundry A
2237-3+7 304 29.3 3, b,c, d Foundry B
2244-2-8 312 28.2 a, ¢, d Foundry B
2258-4-9 30¢ 29.0 a, b,c, d Foundry B

Average 28.7

a = Crach length 0.55 W

b = Crack length at surface 1 s less than 85 percent of average
crack length

¢ » Crack length au surface 2 {s less than 85 percent of average
crack length

d = Thickness is less than 2.5 ég 2

—— N e e e
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Table 6 22
Grain Yield Nominad | Crack “a
Orien~ Strength,* Thickness, § Width, tength | Load kips Ko valae
tation Ks1 INB v A, PQ Puax K1~ Kye
131 43.2 0.75 1.50 0.73 [ 193] 2.00F 19.31 Ves
L7 43.2 0.75 1.50 0.78 1.88 1.92 21.0 § Yes
k{3 43.3 0.75 1.50 0.74 190 ] 1.98] 19.6} No*
13 43.3 0.75 1.50 0.68 1.82 1 1.93}] 16.8}] Ko*
* fatigue cracked not extended far enough from machined notch.
Fracture toughness results on 3/4° wide specmens from cast A357-16 afioy slabs, ALCOA report (12)
Grain Yield Kominal | Crack KQ !
Orien~ | Strength, Thickness, | Width, tength Load,kN ra valid
tation MPa o B mW m Ao PO me HPay/By KIC 1
t
44 302 19.05 38.1 18,54 18.58 | 8.90| 2.2} |VYes !
LT 302 19.08 38.1 19.81 18,36 | 8.54}F 22.08] VYes '
T 302 19.05 38.2 18.80 }8.45 § 8.81F 21.54F No*
i3 302 19.05 38.1 17,27 §8.10 | 8.58] 18.46] No*

Fracturs toughness results on 19 05 mvn wide specimens from cast A357-T6 aloy slabs, ALCOA report (12)

Table 623
Non Yalid Yalid
Data Points 36 6

Standard le
¥ean

Variance

viation

4.10 kS1 -/Tn (4.5]1 WPa /&
21.39 K$1 -/7n (23.5) HPa -/B)
16.81 K$! TR (18.47 HPa ~/E)

1,71 KSI -Vh (1.90 P2 /&)
18,42 KSI ~/TR (20,24 MPe /&,
2,92 XSI -vin (3.21 #Ps V7)

Analysis/summary of K, d2ta on A357-T6 castngs from all sowrces, al thicknesses
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Tabie 6 25

- »

Tension aliowables from Boeing Cast program (20)

5

Specinen Boundness Grade
Specimer. DAS Property (ASTM E-155)
Range
A 8 C
Up to Ftu KS} 45,90 44,30 43.60
0012 Fty KSI 36,50 36.50 36.50
e % 1.80 1.00 1.00
L0013 to Ftu XSt 44,20 42.90 42.10
L0018 in Fty XSt 36.50 36.50 36.50
e % 1.30 .60 1.00
0019 to Fty KS1 42.90 41.50 40.80
0024 in Fty KS1 36.50 36,50 36.50
e % .80 .50 .50
0025 %o Ftu XS} 42,30 40,90 40.10
L0030 ir Fty K81 36.10 36.50 36.50
e % .50 .40 .40
Specimen_Soundness Grade
Specimen DAS Property (ASTH E-155)
Range
A g ¢

Up to Ftu kpe 316.48 305.45 43.60
.0305 = Fty ¥Pa 251.67 251.67 36.50
e % 1.80 « 1.00
0306 to Ftu bpe 304.76 295,80 42.10
0457 Fty Hpa 251.67 251.67 36.50
[ . .60 1.00
0458 to Fty MPa 295.80 286.14 40.80
L0610 e Fty Mp2 251.67 251.67 36.50
e % .80 .50 .50
L0611 to Ftu Mpa 291.66 282,01 40.10
0762 e Fty MPa 251.67 251.67 36.50
e X .60 A0 40

N




¥ p pinligpeensititin
i
i
{6) s5unSeD 91 LGEY IO SHUBIOXKS HISUB] Y U0 S8 VOTEIYPIOS 101933 92 9 Big ‘
2T = 14 3T = 13 ty o+ 13 i
(edw 06Z) ISM 2V = SAL (edw 962) ISM €% = SAL (RaW 0TE) ISH Sb = SAL !
(B4W OTE) ISY SV = sSnL (eaw TEE) ISH 8¢ = sny (edW 8S€) ISH ZS = sng |
(ut 680°0) (s g¥0°0) (o S£0°0) |
HONI S£00°0 = ONIOVAS HONI 6100°0 = ONIOVAS HONI $T00°0 = ONIOVAS .
WY FLINANIG D WY FLIYGNEA g WY ALI¥ANAA VY
ST, S N A B SRR X 1Y - §
oGS ¥l L ey & A, nWo. Srz  $%e P
T4 i W S R s oy, f e 3 P
soat A 3 K A S d AW s S, 3y
. .:ﬂm St et UL et s
P ey i Gl DR N S SO
A e SRl B u..xm..wc..v., Ry
S s BRI (LT L (AR AN I R W [
SIS U, Y WY
ik ARG T PR VAR S LA VI KW
i e SR D
b i3 . .“
) L

e

S e

PR

5 ,N T3

. ad A
3 R I
«“uc\, o KR

~
.
-
o8
AN
o

gty

> i S EE . ;

% PR 4 wﬂﬂﬁﬁuww‘”.w .v«»w.rv.q - ~1

HOE A B o ¢

“ VORISR ;
-y D% ey Al A ¥t




e

——m

17
.
Appendix
Inthe followins. foundss d arehsted who b k heh L orh: ended Thus list
shouldbeahelp for potential users of castings to make ininal contact,
L. AFWAL/MISE 10.  Hitchoock Industsies Inc, 19, Precision Cast Pants (PCC)
Att. CLHamsworth ‘At EHMuchlegger Att.XThorne
Wright Patterson AFB 8701 Harriet Ave. South 4600SE Hamey Drive
Ohio 43433 Munneapolis, MN $5320-2787 Portland OR 97206-0898
United States United States United States
2 ALCOA 1L Honsel-Werke 20, Pechiney
Premium Castings Division Att,Dr Betz Att, Ch Fauvel
Att. MR Dunke 5778 Meschede | Département Aluminium Métal
1450 Runcon Street Germany Drrection des Technologies
Corena CA 91720 de Moulage
United States 12. Howmet Tutbine Components ALUVA, BP7
Corp. 38240 Voreppe
3. Bocing Company/ Att, GAskew France
Military Asplane Comp. 1600 South Warner Road
Att D LMcLeltan Whtehall, Michigan 49461 21, Progress Casung Group
MailStop 4551 United States At.DE Lertlen
PO.Box 3707 VR Engincenng
Seatlle, Washington 98124 13. Avtry Keamey and Co. 1457 Marshall Ave,
United States * 06 Linden St Paul MN 55104
Valparaiso, IN 46383 United States
4. Cercast GmbH United States
Att, Gabriel 22, TITAL
Postfach 14 14, Lauzier Fonderic Att.Dr ChrLiesner
4770 Soest AttJ Deborde Postfach 280
West Germany 12, route de SteJean 5780 Bestwag
38300 Bourgoin-Jallicu West Germany
S, Cercastlng, France
Att SKennerknecht 23, TiTech, International Inc,
3905 Industrial B, 15. MBB, Teansports At EAWilliams
Montreal North und Verkehrsflugzeuge PO.Box 3060
PQ.HIH 222 Att, DMictrach, TFB 51 4000 West Valley Boulevard
Canada Hineteldstr, fm$ Pomona, LA 91769
PO, Box 107845 United States
6. Consolidated Aluminium Corp, 2800 Bremen 1
Att.NJDavidson Germany 24, Westiand Helicopter Ltd,
$1 Archer Drive Att, PR.Wedden
Bromnlle NLY, 10708 16, Messiee Fonderie dArudy Head of Materials and
United States At JPMannant istic Services
64260 Arudy Yeowil, Somerset
7. FokkerBV, France United Kingdom
Att.MOTH. Han
PO.Box 7600 1% Montupet Fonderics
1117 Z) Schiphot Att.Dr CPlanchamp
Netherfands Recherches et Délevoppement
45, ruc jean de fa Fontaine
8. Genezal Dynamics Corporation Nogent-Sur-Cuse-60101
At BL.Riberro, MZ 2161 CREIL CEDEX
Meuallic Materials and Processes France
PO, Box 748
Fort Worth TX 76101 18 Northrop Corp, Aircraft Div
United States Att. KJ.Oswald
Orgn, 3872/62, Adv. Ml Tech.
9. HaleyIndustnes Limted One Northrop Ave,
At HJ.Proffin Hawthorne CA 90250
Haley, Ontario K0J 1Y0 United States
Canada
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